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Abstract 
ABSTRACT. 
This thesis details an experimental study on the determination of the fracture 
parameters for a crack located at the interface between two dissimilar materials using 
the method of photoelasticity. The interface is potential1y an inherent weak spot of 
any composite material, structure"or adhesively bonded joint. Accurate description of 
the state of stress at the crack tip is required for strength prediction. The concept of 
the complex stress intensity factor is used to characterise the elastic crack tip stress 
field for an interface crack. Complex stress intensity factors and their moduli have 
been measured experimental1y for standard bimaterial crack geometries using the wel1 
established technique of photo elasticity. 
Bimaterial specimens comprising aluminium al10y and epoxy resin components were 
used. This creates a large material mismatch at the interface and al10ws data to be 
col1ected from the epoxy component of the specimen using transmission 
photoelasticity. An automated ful1 field photoelastic technique was developed to 
significantly reduce the data col1ection time. The technique comprises elements from 
the approaches of three wavelength and phase stepping photoelasticity and is a 
significant improvement on techniques previously available. 
Stress intensity factors were determined by fitting a theoretical stress field solution 
for the bimaterial crack to the experimental data. A computational routine 
automatical1y selects the region of best fit between the experimental data and the 
theoretical solution. This data is then used to determine the complex stress intensity 
factor and its modulus value. In order to provide a robust fit between the experimental 
data and the theoretical field solution a weighting function was incorporated into the 
routine. 
The measured bimaterial stress intensity factors are compared with those determined 
experimental1y for equivalent homogeneous specimens made from epoxy resin. The 
differences between the two are then discussed. The experimental results agree with 
the wel1 known concept that tension and shear effects are inherently coupled at the 
crack tip. However, the effects of changing the load angle with respect to the interface 
also demonstrate that some contrasts exist with known numerical solutions. 
Keywords: Automated Photoelasticity, Fracture Mechanics, Bimaterial Cracks, 
Stress Intensity Factors, Image Processing. 
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Chapter 1- Introduction 
CHAPTER 1: 
INTRODUCTION. 
The failure of many engineering components is often as a result of the phenomena of 
fracture. Fracture usually initiates at surface flaws such as scratches, or at faults and 
voids within the body of a component. Generally the fracture process involves crack 
initiation, crack extension under slow or rapid growth, and final rupture. 
The mechanism of fracture failure can take a number of forms. Catastrophic fracture 
occurs due to either cleavage or ductile tearing, depending on the material properties 
and the geometry of the component. Fracture may also occur as a result of fatigue, 
whereby the repetitive cyclic loading of a component causes cracks to grow from 
imperfections in it. The loads required to grow a fatigue crack are usually much lower 
than those required to cause catastrophic failure on the single application of a load. 
Fatigue crack growth is often followed by catastrophic fracture when the crack 
reaches a critical length. In many such cases failure due to fracture occurs at stresses 
well below the yield strength of the material concerned. 
Many factors can influence a material or components strength. A particular area of 
concern is the interface where two dissimilar materials meet and are bonded together. 
Such a situation occurs when a component is constructed of two or more materials, or 
in a polymer composite where the resin-fibre matrix forms bimaterial bonds. The 
interface between the two materials is often the weak link and the plane along which 
fracture takes place. 
The study of fracture mechanics enables engmeers to make allowances for the 
phenomena at the design stage, and then through inspection, to evaluate the residual 
strength of a component throughout its working life. Research began with developing 
an understanding of homogeneous fracture mechanics through theoretical and 
Chapter J . Introductiqn 
experimental analyses. By way of expressing the state of stress at a crack tip as a 
single parameter, rather than by the components of the stress field at the crack tip, 
three approaches have been generally accepted. These are the concept of the Strain 
Energy Release Rate introduced by Griffith (1921), the Stress Intensity Factor (SIF) 
introduced by Irwin (1957) and the I-Integral used by Rice (1968). 
From an experimental point of view, the concept of describing the state of stress 
surrounding a crack tip by single fracture parameters such as Irwin's suggestion of 
SIFs or Griffith's strain energy release rate is particularly beneficial. In the 1950's 
photoelasticity was already established as an elegant experimental stress analysis tool 
and texts by both Coker and Filon (1931) and Frocht (1941) and (1948) had been 
published. A limitation of the technique was that only the principal stress difference 
could be measured; the separation of stresses was both time consuming and 
problematic. Stress separation was not required, however, in the determination of 
SIFs using photoelasticity. As a consequence photoelasticity has become a well used 
experimental SIF determination technique. 
Having developed a substantial understanding of the homogeneous crack, researchers 
have in recent years turned their attention to the less well understood problem of the 
interface crack between two dissimilar materials. This interest has been encouraged 
by the increased use of composites, coated materials and bonded joints. The problem 
is more complex than that of the homogeneous crack due to the mis-match of material 
properties at the crack tip and along the interface. Early theoretical analysis by 
Williams (1959) was prompted by a geological need to understand the mechanics of 
the Earth's crust. Recent work on the subject has been necessitated by a move away 
from traditional mechanical joining techniques such as, bolting and riveting etc. to 
modem bonding techniques. This is particularly evident in the aircraft industry where 
weight is a constant issue. Advances in adhesives and surface pre-treatments for the 
joining of lightweight alloys, has resulted in such a move towards bonding. 
In an attempt to resolve shortcomings of the original elastic solution of Williams 
(1959), various developments have subsequently been reported by other researchers. 
These developments have not always proved satisfactory. Despite this, various 
theoretical solutions to the bimaterial stress field have been used to determine SIFs 
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both analytically and numerically. Finite element analysis, in particular, has been 
used extensively to determine SIFs. Such numerical approaches to bimaterial SIF 
determination have been made ahead of equivalent experimental measurements and 
therefore await validation. 
The bimaterial crack has been studied experimentally using the methods of caustics, 
interferometry, coherent gradient sensing and photoelasticity. Surprisingly, the use of 
photoelasticity in the study of the bimaterial crack has received little attention, and 
does not reflect the extensive use of the technique in the study of the homogeneous 
crack. Notable reports have been made, however, by Miskioglu et at (1991) and Lu 
and Chiang (1993). 
One of the inherent problems with photoelasticity is that analysis of the isochromatic 
fringes used to determine the state of stress in a component is a time consuming 
process, requiring a skilled photoe\astician to perform the analysis. Efforts to reduce 
both the time consuming nature of the technique and the complexity of the analysis 
have been the subject of many publications. Developments toward full field 
automated photoelasticity have been made possible as a result of the increased 
availability of computers and digital image processing equipment such as digital 
Charge Coupled Device (CCD) TV cameras, frame grabbing hardware and digital 
imaging software. Developments in this area enable the extraction of the photoelastic 
data from many thousands of points over an area of interest in a comparatively short 
time. 
Although not essential in the photoelastic determination of crack tip SIFs, a fully 
automatic full field photoelastic data collection technique would substantially reduce 
the turnover time of the analysis procedure. The availability of many data points 
surrounding a crack tip also enables use of a robust multiple point SIF determination 
routine. The limitations of the available full field photoelastic techniques of phase 
stepping and three wavelength photoelasticity render them difficult to use for the 
determination of crack tip SIFs and many other engineering applications. 
It is evident from the literature that gaps exist in the present understanding of the 
bimaterial crack. In particular, experimental validation of finite element analysis 
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approaches to bimaterial crack tip SIF detennination are required. Loughborough 
University has long standing expertise in the field of optical stress analysis, 
particularly photoelasticity. This presents an ideal opportunity to develop photoelastic 
techniques, previously used to detennine SIFs for the homogeneous crack, for the 
detennination of bimaterial crack tip SIFs. Automated photoelastic data collection 
techniques are limited as stated above, however, accurate rapid data collection would 
increase the range of study possible. Therefore, there exists a need for further 
development in the area of full field automated photoelasticity. This thesis tackles 
some of these engineering and experimental needs and its structure may be 
summarised as follows. 
Chapter 2 presents a comprehensive literature review. This covers, in detail, the areas 
of the theoretical solutions to the bimaterial crack tip stress field, numerical and 
experimental approaches to the detennination of bimaterial crack tip SIFs, and 
automated photoelastic data collection techniques. 
Chapter 3 presents the relevant theory regarding the stress field solution to the 
bimaterial crack. This covers the areas of the stress field solution to the bimaterial 
crack and the complex definition of bimaterial crack tip SIFs. The theory described is 
relevant to the experimental work described in the subsequent chapters. 
The main body of the thesis containing the experimental research is then presented. 
This is split into three separate areas, Chapters 4, 5 and 6 which attempt to provide 
solutions to the problems identified earlier. 
Chapter 4 details the development of the most advanced full field photoelastic data 
collection technique available to date. The technique is an improvement on the phase 
stepping approach of Patterson and Wang (1991) and the three wavelength approach 
of Buckberry and Towers (\ 996). It allows the isochromatic to be measured up to the 
yield strength of the material, the isoclinic to be measured over the full range of ±n/2 
and does not require calibration from an additional technique. The theory relevant to 
the new technique is presented, which highlights the inherent problems in previous 
approaches. Of the existing approaches, the phase stepping technique is applied to 
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two simple engineering problems to demonstrate its deficiencies. These are a circular 
disc loaded in diametral compression, and a square bar subjected to simple torsion. 
The problems inherent in the approach highlighted by the study are evident in the data 
collected from the two experimental studies. Due to the deficiencies in existing full 
field automatic photoelastic data collection techniques, initial work in the course of 
this thesis is directed towards the development of a satisfactory alternative. The result 
of this initial work was the development of a full field automated technique which 
combines the approaches of phase stepping and three wavelength photoelasticity. Up 
to now these have always been considered separate research paths. The technique 
developed is mainly based on the approach of phase stepping as used for all of the 
data collection contained within this thesis, but may be applied using three 
wavelengths. 
Chapter 5 firstly revIews developments towards the determination of SIFs from 
isochromatic data. It then presents the most advanced approach to date. The new 
approach combines the newly developed data collection technique with the Multiple 
Point Over Deterministic, least squares iterative fitting, Method (MPODM), of 
Sanford and Dally (1979). The combination was used in order to fit the 
experimentally gathered data to the stress field solution for the bimaterial crack 
described in the theory section, and hence determine crack tip SIFs. The major issue 
concerned with such a combination is that the stress field equations described in the 
theory section are of the first order and are only valid in the so called linear zone of 
data which is located at a finite radius from the crack tip. Schroedl and Smith (1975) 
have found the linear zone by manual inspection of the data located along a one 
dimensional line beginning at the crack tip and projecting perpendicular to its 
surfaces. Progress was made from the premise that if the stress field solution is valid 
for a limited data collection zone then within such a zone the theoretical solution must 
fit the experimental data well. Study of the residual of the iteration procedure in the 
MPODM of Sanford and Dally (1979) revealed that the best fitting data points form a 
crescent surrounding the crack tip. This crescent is defined as the best fit zone. Data 
forming the best fit zone was then used in a subsequent run of the SIF solution to 
determine ~he SIFs. In order to provide a robust technique, giving a convergent 
iteration and definition of a best fit zone regardless of the density, shape and size of 
the data collection zone, the available data is weighted as a function of its radius from 
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the crack tip. The SIF detennination technique was evaluated by application to 
homogeneous crack geometries providing both simple opening mode and mixed-
mode stress fields. It is invalid to state that the best fit and linear zones are one and 
the same, however experimental SIF values obtained were found to agree very well 
with those predicted by theory. It was reasonable to assume that the best fit data was 
located within the linear zone. The technique was therefore considered effective in the 
detennination of crack tip SIFs. Research efforts are then directed towards the study 
of bimaterial crack tip SIFs. 
Chapter 6 describes the bimaterial crack experimentation. A parametric study of two 
specimens, a three-point-bend specimen and a compact tension specimen, was 
perfonned. Each specimen was subjected to a range of loading conditions for which 
SIFs were measured. Chapter 6 concludes with a comprehensive set of bimaterial SIF 
results. These results ideally require validation using a numerical technique such as 
finite element analysis. From the experimental results it is inferred that a non-linear 
numerical analysis is required, this was considered beyond the scope of this study, 
and would fonn a substantial research project in its own right. 
To summarise, the contributions to the advancement of knowledge that have been 
made in the course of this research project are as follows. 
Full Field Automated Photoelasticity. 
I) A technique has been developed which enables full field, fully automatic 
photoelastic data collection to be achieved. The technique is a combination of the 
three wavelength and phase stepping approaches toward full field automated 
photoelasticity. The technique is described and evaluated in Chapter 4 and its 
superiority over existing techniques is proven. 
SIF Determination Routines. 
2) Having developed the full field data collection technique it was then used in 
combination with the MPODM of Sanford and Dally (1979) to create a full field 
automated multiple point method for the detennination of crack tip SIFs. Use of 
weighted data and definition of a best fit zone improve on previous photoelastic 
SIF detennination methods. 
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Understanding of Bimaterial Crack Tip SIFs. 
3) The SIF determination technique described above was used in the determination 
of SIFs in a parametric study of bimaterial specimens subjected to a range of 
loading conditions. The study is a very extensive experimental investigation into 
bimaterial crack tip SIFs reported. The SIF results presented can be used by finite 
element analysis practitioners for validation of numerical codes and techniques .. 
Areas of this research project have been reported widely in technical publications and 
presented at international conferences as follows: 
Ekman. M.J. Nurse. A.D. 1998. Absolute determination of the isochromatic 
parameter using load-stepping. Experimental Mechanics. Vot. 37. pp. 1845-1851. 
Ekman. M.J. Nurse. A.D. 1998. Completely automated determination of two-
dimensional photoelastic parameters using load stepping. Optical Engineering. Vot. 
37. pp. 1845-1851. 
Ekman. M.J. Nurse. A.D. 1998. Numerical and experimental determination of 
fracture parameters for bimaterial interface cracks. Journal of Applied Mechanics. 
Submitted. 
Ekman. M.J. Nurse. A.D. 1997. On the phase unwrappmg of isochromatics. 
Proceedings of the Spring Conference of Experimental Mechanics. SEM. Bellevue. 
Washington. USA. 2-4 June. pp. 317-318. 
Ekman. M.J. Nurse. A.D. 1997. Non-linear analysis of bimaterial cracks usmg 
photoelasticity. Proceedings of the Spring Conference of Experimental Mechanics. 
SEM. Bellevue. Washington. USA. 2-4 June. pp. 234-235. 
Ekman. M.J. Nurse. A.D. 1998. Load stepping automated photoelasticity. 
Proceedings of the 11th International Conference on Experimental Mechanics. Vot. 
I. SEM. Oxford. UK. 24-28 August. pp. 533-538. 
Ekman. M.J. Nurse. A.D. 1998. Photoelastic determination of non-linear bimaterial 
crack SIFs. Presented at the 11th International Conference on Experimental 
Mechanics. SEM. Oxford. UK. 24-28 August. 
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CHAPTER 2: 
LITERATURE REVIEW. 
This chapter details the other research works which are relevant to the work reported 
in this thesis. The quantity of literature concerning past research into photoelastic 
techniques, stress intensity factor determination and the bimaterial crack is vast. This 
chapter by no means contains a complete review of all such publications. To begin, a 
brief review of the various theoretical definitions of the stress field solution to the 
bimaterial crack is presented. Following this the various numerical and experimental 
techniques available that have been used in the determination of bimaterial crack tip 
SIFs is given. Included in this section is a detailed review of the development of the 
techniques used to determine SIFs using photoelasticity. The last section to be 
covered details the development of automatic photoelastic data collection techniques. 
These are the main areas of study of this thesis. The conclusions of the literature 
review are then presented. 
2.1 Introduction. 
Over the past 40 years there has been considerable interest in the problem of the 
interface crack between two dissimilar materials, which are in some way joined 
together. Early interest was prompted by the need to understand the geological 
problem of stresses and strains created at the interface between dissimilar media in 
the Earth's crust. Another obvious problem is the prediction of failure between two 
components joined together in a larger structure. Less obvious is the understanding of 
the failure of composite materials due to fibre pull out from the resin matrix. 
The bimaterial crack has been studied mathematically, numerically and 
experimentally. This literature review covers research works in all of the above areas. 
Subjects directly relevant to the work reported in this thesis are covered in detail. 
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Other areas not directly related to this work are included for completeness in less 
detail. 
2.2 Mathematical Models . 
• WilIiams' Linear Elastic Solution and Related Research (1959-1965). 
Williams (1959) made one of the first attempts to solve the problem of a crack 
between two dissimilar materials. In common with authors that continued his research 
Erdogan (1963) and (1965), Sih and Rice (1964) Rice and Sih (1965), England (1965) 
Malyshev and Salganik (1965), Williams (1959) assumed that the crack surfaces were 
open and free of traction. The distribution of stress in two half-planes bonded together 
along the positive x-axis and unconnected and traction free along the negative x-axis 
was investigated. The understanding of Williams' approach is important and hence 
this will be reviewed in detail in the theory chapter. Briefly, the standard relationships 
for stress distributions and displacements from Timoshenko and Goodier (1951) in 
the polar form were used to describe the stress state at the crack tip. Substitution of 
the same material properties for the two material i.e. creating the homogeneous case 
gave the typical square root stress singularity. The bimaterial case required a complex 
eigenvalue solution and resulted in an oscillatory singularity where the stresses are 
seen to change sign between positive and negative as the crack tip is approached. 
Erdogan (1963) similarly investigated the problem using a complex variable solution. 
An oscillatory stress singularity was again observed as the crack tip was approached. 
Sih and Rice (1964) extended the plane solution of Williams (1959) to the bending of 
plates of dissimilar materials. Later the same authors Rice and Sih (1965) studied the 
similar plane problem as WiIliams (1959). These three papers extended the analyses 
to give solution to the SIFs at a bimaterial crack tip. 
England (1965) continued the study of the interface crack. He showed that the 
solutions ofWilliams (1959) and Erdogan (1963) were unacceptable as the oscillatory 
stress singularities would result in the interpenetration of the crack surfaces very close 
to the crack tip. This is a physical impossibility. 
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Erdogan (1965) further studied semi-infinite planes containing cracks subjected to 
various external loading conditions. The case of wedge loading was considered in 
detail. It was shown that for a glass/steel bimaterial the region over which the crack 
surface interpenetration occurs was 0 <.!:. < 10-7 . Erdogan concluded that due to the 
a 
very small region over which the· oscillatory stress characteristic occurs, the problem 
of its physical impossibility may be ignored. 
The general conclusion to all the above works was that the area under dispute was 
restricted to a region very close to the tip. Despite its physical impossibility it was 
considered acceptable to assume that the solution would provide a reasonable 
representation of the state of stress surrounding the crack, except for the region very 
close to the crack tip. 
Malyshev and Salganik (1965) recognised the physically impossible solutions of 
earlier research that continued from that ofWilliams (1959). They suggested that the 
model could be corrected such that the opposing crack surfaces pressed together to 
form a contact zone close to the crack tip. 
Dundurs (1969) proposed two parameters with which to simplify the stress field 
equations. The two parameters a., ~ were used to describe the bimaterial mismatch 
between the two materials considered . 
• Continuing Research (1969-1976) - Linear Elastic. 
Willis (1971) theoretically investigated the growth of a crack along a bimaterial 
interface by applying the Griffith energy balance to the problem. Willis (1971) 
recognised that unlike the homogeneous case the bimaterial crack would initially 
extend along the boundary irrespective of possible asymmetric loading. The 
experimental work of Wu and Thomas (1969) was acknowledged, where they 
reported that in most cases interface cracks initially extend along the interface before 
unstably propagating into one of the components. Willis (1971) limited his 
calculations only to the initial growth. 
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Erdogan and Gupta (l971a and b) determined SIFs for a bimaterial crack geometry 
comprising three different materials, two dissimilar parent materials bonded together 
using a third material as an adhesive. The crack was assumed to lie along the interface 
between the adhesive and one of the parent components. 
Bowie and Freese (1976) showed that crack tip interpenetration as observed for the 
bimaterial crack was apparent at the tips of internal cracks in homogeneous elastic 
materials when subjected to in-plane bending. Theocaris (1986) also reported 
overlapping of crack tips in a homogeneous elastic material. A centre cracked plate in 
pure shear was considered under plane stress conditions and the phenomenon of crack 
tip interpenetration was observed . 
• The Contact Zone Model of Comninou and Related Research (1976-1982) -
Linear Elastic. 
Two authors, Comninou and Atkinson, each suggested new theoretical models for the 
solution of the interface crack. The Comninou approach, reported in a series of three 
papers (1977), (I978) and (1979), stemmed from the suggestion of Malyshev and 
Salganik (I 965), that frictionless contact zones should be allowed to exist at the crack 
tip. In the case of remote tension these regions were very short compared with the 
overall crack length, and shorter than the areas of interpenetration in the earlier, open 
crack model. The stress field around the crack tip was also found to differ from that 
predicted by earlier models. The stress singularity at the crack tip was no longer of an 
oscillatory nature. At the bimaterial bond ahead of the crack tip, only the shear 
stresses were singular. The normal stresses were large yet finite. Normal stresses were 
found to be singular behind the crack tip in the contact zone. 
Comninou (1977) concluded that this characteristic suggested that growth of the crack 
would be dependant more on shear than tension. It was also concluded that the global 
solution of England (I965) was very close to her own, despite its unsatisfactory 
solution at the crack tips. In a later review of solutions to the bimaterial crack Toya 
(199 I), questioned the predominance of the shearing mode in interfacial crack 
extension. He stated that although such dominance was reasonable for large 
differences in material moduli, it was unlikely that crack propagation under transverse 
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tension would always change sharply from the opening mode (in the homogeneous 
case) to the shearing mode (for the bimaterial case) due to a slight mismatch in 
material properties. 
In a later paper Comninou (1978) studied the interface crack in a shear field. This 
work was prompted by the discovery of Willis (1972) that the open interface crack, 
loaded in shear, had oscillatory singularities and interpenetration over a large portion 
of the crack length, as oppose to infinitely small region when loaded in tension. Under 
shear loading the Cornninou interface crack was seen to have one of its contact zones 
approximately a third of the crack length, the other contact zone being infinitely 
small. At the crack tips the normal stresses were found to be zero, however the stress 
intensity factors in shear were found to have opposite algebraic signs at each crack 
tip. In the last paper in the series Comninou and Schmueser (1979) considered the 
interface crack in a combined compression, tension and shear field. 
Atkinson (1977) similarly attempted to solve the problem of crack tip 
interpenetration. Two models were proposed in order to achieve this. The first was to 
separate the two dissimilar media by a strip of homogeneous elastic material. This 
was of finite thickness with elastic moduli different from the two parent materials. A 
crack was then assumed to propagate within this material. The crack thus propagates 
in a homogeneous medium with a crack tip stress field whose singularity is governed 
I 
by (rf" Oscillatory singularities and interpenetration were therefore eliminated. The 
second approach was to again separate the two dissimilar materials with a third thin 
strip of material of finite thickness. The crack was assumed to propagate at the 
interface between the interface material and one of the other two materials rather like 
the geometry proposed by Erdogan and Gupta (1971b). Unlike the first model, where 
the interface media is considered homogeneous, the second model allows its elastic 
moduli to constantly vary across its thickness. The moduli were equal to those of each 
material at the interfaces. With this theoretical arrangement the constantly varying 
modulus of the interface material ensures that its properties are such that crack tip 
interpenetration does not occur. The author highlighted two areas where the first 
model was unsatisfactory. Firstly it was unlikely that a crack would propagate within 
the interface region in a straight line. Secondly there exists a discontinuity at the 
12 
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interfaces of the interface material and the two media. The second model, which was 
considered a more realistic solution was the authors preferred approach. In conclusion 
Atkinson (1977) highlighted that crack tip interpenetration could be eliminated by 
considering a more complex crack interface. He also raised the point that the solution 
of Williams (1959) with crack tip interpenetration at the tips was "not too bad really" 
due to the small size of such regions. Atkinson (1982a and b) analytically reviewed 
the contact zone model. The case of the semi-infinite crack was considered. A Mellin 
transform function reduced the contact zone problem to an equation that could be 
solved exactly. The approach suffered to some degree in that towards the end of the 
calculation approximations had to be made, therefore the accuracy of the solutions 
were in doubt. 
Gautesen and Dunders studied the Comninou model of the interface crack under 
tension (1987) and then under combined loading (1988). As oppose to Comninou 
(1979) who numerically solved the resulting integral equation, the authors found a 
slowly convergent form, such that the equations could be solved exactly. The two 
authors were in good agreement. Comninou's solution however was only valid for a 
small range of material mismatches due to numerical difficulties caused by the 
extremely small size of the contact zone. The solution of Gautesen and Dunders 
(1987), (1988) is valid over the whole range of material combinations. The only 
discrepancy between the two solutions was the shearing mode SIF for mixed-mode 
loading. In a later paper reviewing the research conducted on the interface crack 
Comninou (1990), accepted that her values were inaccurate in magnitude. However it 
was also stated that the suggestion of contact zones at the crack tip by Malyshev and 
Salganik (1965) along with her formulation provided the only physically valid 
solution to the bimaterial crack using linear elastic analysis. 
Hutchinson et al (1987) studied the case of a crack situated close to and parallel to a 
bimaterial interface but located entirely in one of the two materials. It was recognised 
that the definition of unique SIFs for the bimaterial crack was problematic due to the 
complex nature of the stress singularity. The SIF was recognised as being a complex 
variable dependant on the length scale of the radius from the crack tip. 
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Following this work, Rice (1988) developed the so called classical approach to the 
definition of the bimaterial SIF. This differed from the standard definition of the SIF 
in two ways. The real component KI did not itself fully describe the opening mode 
SIF, and similarly the imaginary part KII did not fully describe the shearing mode 
SIF. Both components were considered inseparable and were each required to define 
the SIF at a given radius . 
• Knowles and Sternberg and Related Research (1983--+) - Non-Linear Analysis. 
It was suggested that the oscillatory nature of the Williams (1959) approach was due 
to the failings of the linear elasticity simplification. Knowles and Sternberg (t 983) 
introduced an alternative approach to that of Comninou (1977). They conducted an 
asymptotic investigation on the open, traction free, interface crack between to 
incompressible Neo-Hookean sheets in plane stress. The crack considered was seen to 
open without contact at the tip as large deformations were allowed at the crack tip. 
Herrmann (1989) continued the work of Knowles and Sternberg (1983). A traction 
free interface crack in a bimaterial was considered, this time under plane strain 
conditions. Whereas Knowles and Sternberg (1989) considered an incompressible 
material with v = 0.5, Herrmann (1989) considered a more realistic case that did not 
restrict the material to be incompressible. Each component of the bimaterial was 
considered hyperelastic, homogeneous and isotropic. The solutions showed the crack 
tip to be free of oscillatory singularities, suggesting that the assumptions of the linear 
elastic fracture mechanics used in earlier solutions to the bimaterial crack was 
responsible for the phenomenon. Shih (1991) reviewed the substantial progress 
towards the understanding of the interface crack, particularly regarding the elastic 
plastic aspects. 
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2.3 Numerical Determination of Bimaterial Crack Tip SIFs. 
2.3.1 Analytical Approaches. 
One of the first known attempts to determine explicit values for SIFs at bimaterial 
interface cracks is due to Sih and Rice (1964) who considered the case of the centre 
cracked panel loaded at infinity. They defined the complex SlF in terms of the remote 
loading and showed that the real component of the complex SIF Kl did not uniquely 
define the opening of the crack faces nor did the imaginary component KlI 
completely describe the shearing at the crack faces. This work on the definition of 
bimaterial SlF was later continued by Hutchinson et af (1987) and Rice (1988) as 
described previously. Many ofthe authors mentioned in the previous section similarly 
presented solutions to the bimaterial crack tip SIFs, following their solution to the 
bimaterial stress field. For example Comninou (1977) and (1978) Comninou and 
Schmueser (1979), Atkinson (1977), (1982a and b) and Gautesen and Dunders (1987) 
and (1988) who improved the convergence ofComninou's solution. 
2.3.2 Finite Element Analysis Methods. 
Beginning in the mid 1970's and gaining in popularity with the availability of 
computers, finite element analysis has become the most commonly used numerical 
approach to the determination of bimaterial crack SIFs. 
Lin and Mar (1976) made one of the earliest finite element studies of the bimaterial 
crack using singular elements at the crack tip. In analysing the bimaterial centre 
cracked panel Lin and Mar (1976) achieved good agreement with the analytical 
solution of Rice and Sih (1965). The SIFs and the strain energy release rates could be 
found with reasonable accuracy even if. the mesh was not fine enough to detect crack 
flank interpenetration. 
Van der Zande and Grootenboer (1986) used finite element analysis to determine 
shearing mode SIFs for a centre cracked bimaterial plate. The singular stress field 
used in the finite element formulation was that derived by Comninou (1977) and led 
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to a solution to the shearing mode SIF only. Contact elements were used which did 
not allow interpenetration at the crack tip but transmitted compressive stresses across 
the contact zone. Comparison with the results obtained by Comninou (1977) (1978) 
and Comninou and Schmueser (1979) highlighted some discrepancies. In particular 
when loaded in shear Comninou (1978) and Comninou and Schmueser (1979) foupd 
that the SIFs for each crack tip had different mathematical signs, whereas van der 
Zande and Grootenboer (1986) found them both to be positive. 
Sun and Jih (1987) derived crack tip stress expressions following the fonnulation of 
Rice and Sih (1965). The strain energy release rates were calculated through the crack 
closure integral method of Irwin (1957). The finite element method using an eight 
noded isoparametric element was used to study the cases of a centre cracked panel 
and an edge crack. The modified crack closure integral method of Rybicki and 
Kanninen (1977) was used to calculate the strain energy release rates. It was shown 
that component values for the strain energy release rates were dependent on the 
assumed crack extension and did not converge using the virtual crack extension 
approach. This lack of convergence due to the complex nature of the bimaterial stress 
field was reported by other authors who studied strain energy release rates at 
bimaterial cracks e.g. Dattaguruet al (1994). The results did agree with those of 
Comninou (1977) in that the initial crack extension was dominated by the shearing 
mode. 
Smelser (1979) used crack flank displacement results to obtain SIFs. Reynolds et al 
(1990) compared the use of singular elements as used by Lin and Mar (1976) and van 
der Zande and Grootenboer (1986), and the crack flank displacement method of 
Smelser (1979), with a shear stress extrapolation method. The crack problem 
considered by Comninou was solved and good agreement was found in all cases. 
Matos et al (1989) developed both a virtual crack extension method and a crack 
surface displacement method for the determination of bimaterial SIFs. In the analysis, 
only an inner core of elements were distorted. A similar approach was developed by 
Yong-Li (1994). Charalambides et al (1989) developed a test specimen for 
determining bimaterial SIFs and energy release rates. The stress field solution of Rice 
(1988) was used to describe the crack surface displacements, the SIFs and hence the 
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strain energy release rates. Using the finite element method the SIFs could be 
calculated using the displacements at a given radius or from the energy release rates 
using the method of Parks {I 974) {I 978) and Matos et at (1989). 
Shih and Asaro (1988) (1989), Shih et at (1991) and Zywicz and Parks (1989) carried 
out an elastic-plastic analysis of bimaterial interface cracks under small scale 
yielding. Shih and Asaro (1988) considered a centre cracked panel comprising a 
power law hardening material and a rigid substrate under plane strain conditions. 
Fang and Bassani (1995) considered a similar geometry, however the material was 
considered incompressible, hence a solution separable in r,e results from the field 
solution of Williams (l959). The solution was initially found using a finite difference 
approach. Fang and Bassani (1995) reported good agreement between their work and 
that of Shih and Asaro (1988). 
Ravichandran and Knauss (1989) adopted the physically realistic elastoplastic model 
introduced by Knowles and Sternberg (1983). A finite element model was used to 
compute the large deformations at the crack tip. In their analysis plane stress 
conditions were considered for Neo-Hookean sheets. 
Nakamura (1991) studied three dimensional stress fields for elastic interface cracks. 
SIFs were determined at the crack front through the thickness of a centre cracked 
bimaterial plate. KI and KII were observed to be constant through the thickness apart 
from a small respective decrease and increase toward the free surface. KIn was seen 
to increase progressively as the free surface was approached. 
The linear zone surrounding a crack tip is of particular importance in the experimental 
determination of SIFs. Its is from this region that data must be collected is first order 
equations are to be used in the calculation of SIF. This area is covered in more detail 
at a later stage. However it is important to refer to the work of O'Dowd et at (1992) 
who developed finite element edge cracked test specimens for determining bimaterial 
fracture toughness. They showed, for the specimens considered, that the extent of the 
linear zone was of the order of rla = 0.1. 
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2.4 Experimental Methods for SIF Determination. 
Development of experimental techniques for the determination of bimaterial crack tip 
SIFs has been more sporadic than the numerical approaches. Such experimental 
techniques that have been used to determine SIFs at bimaterial crack tips are caustics, 
interferometry, coherent gradient sensing and photoelasticity. Photoelasticity is the 
chosen technique for use in this research work. This section briefly describes the use 
of alternative techniques in the determination of bimaterial crack tip SIFs. A more 
extensive review of the photoelastic method, showing its development for application 
to the homogeneous crack to the extension of the technique for bimaterial crack 
studies, is then given. 
2.4.1 Caustics. 
The method of caustics was developed by Manogg (1964) for application to a quasi-
static opening mode crack geometry. Theocaris (1970) extended the method for the 
experimental determination of opening mode crack tip SIFs and later, Theocaris and 
Gdoutos (1972) to the measurement of mixed-mode SIFs. Briefly the method of 
caustics applied to crack geometries involves shining parallel light at a cracked 
specimen. Due to the deformation caused by the stress singularity at the crack tip, the 
emerging light is deviated from its original parallel state. This generates a shadow 
spot on a reference plane. The bright limit curve at the edge of the shadow is called 
the caustic. In order to study opaque materials a polished or coated surface may be 
used to reflect the light, however in such a case the light deviation is a result of the 
surface deformations only. In order to simplify the experimental procedure for an 
initial study of a crack tip Manogg (1964) extended the principle such that incident 
non-parallel light could be used. The shadow spot may be related to a mapping 
equation, which can be used to determine the caustic. The information gained is used 
to determine the state of stress at the crack tip or indeed many notch hole or punch 
geometries as shown by Kalthoff (1984). 
Complex SIFs at bimaterial interfaces between dissimilar elastic media have been 
measured by Theocaris and Stassinakis (1977). The general case of measuring SIFs at 
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bimaterial cracks was considered by Theocaris and Stassinakis (1981). The 
experimental technique was applied to two geometries, a crack between two elastic 
half planes, and a curvilinear crack along the interface of a circular inclusion bonded 
in a matrix and subjected to a tensile pullout. The experimental results compared 
favourably with those predicted by theory reviewed by Theocaris and Stassinakis 
(1977). Ahmad et at (1996) measured bimaterial SIFs for compact tension specimens 
loaded to create a range of mode mixities. The modified method of caustics proposed 
by Wallhead and Edwards (1994), where caustics are measured from both sides of an 
opaque specimen was used. This method compensates for distortion introduced into 
the specimen when loaded. Experimental SIFs agreed well with the theoretical 
predictions of Suo and Hutchinson (1989). 
Several authors have extended the technique to study dynamic running cracks for 
example Herrmann and Noe (1992), who used caustics to analyse quasi-static and 
dynamic interface crack extension. 
2.4.2 Interferometry and Coherent Gradient Sensing. 
Liechti and Knauss (1982) used the technique of interferometry to study the 
debonding of a sandwiched elasto'mer. In such specimens extensive three dimensional 
deformations were observed. Liechti and Chai (1989) later measured bimaterial crack 
opening displacements using interferometry and compared the results with those 
obtained by the finite element method. The paper also presented results concerning 
the behaviour of a glass/epoxy bimaterial crack subjected to a range of distalloads. 
Coherent gradient sensing, a development of interferometry, has been developed in 
recent years and has also been used to study bimaterial crack tip SIFs. The technique 
is briefly described thus: 
A transparent specimen is illuminated by a collimated beam of coherent laser light. 
On emergence from the specimen the light is then incident on a pair of high density 
gratings. At the first grating a plane light wave is diffracted into three plane 
wave fronts. On encountering the second grating the three diffracted wavefronts are 
diffracted to form nine wavefronts. These wave fronts are brought to focus to form 
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diffraction spots at the back focal plane of a filtering lens situated after the two 
gratings. The spacing between these diffraction spots is proportional to the density of 
the grating. If, however the laser light passes through a deformed specimen, the 
emergent light will be distorted due to the changes in the refractive index of the 
specimen material. The distorted light is incident on the diffraction gratings and 
produces a modified fringe pattern. Suitable analysis of the fringe pattern now 
observed at the focal plane of the filtering lens is used to determine the gradient of the 
surface deformation in the specimen, related to the sum of the principal stresses. 
The technique was developed in the early 1990's primarily by Tippur et at (199Ia, b). 
Tippur and Rosakis (1991) presented the first known study of the bimaterial crack 
using the technique where experiments were conducted on bimaterial three point bend 
specimens. In this preliminary work, the interference fringes were analysed under the 
assumption that they were from a homogeneous crack tip field. The measured 
complex SIFs were in good agreement with results gathered using finite element 
analysis. However the phase angle or ratio between the components of the complex 
SIF were not in agreement with the finite element predictions. In a later paper by 
Tippur and XU (1995) the non-singular stresses were taken into account using an 
asymptotic stress field expansion of Rice (1988) instead of the homogeneous K 
dominated terms used previously. This development improved the agreement between 
the experimental and finite element results. 
As with the method of caustics, coherent gradient sensing has been applied to the 
study of the dynamic failure of interface cracks by Lambros and Rosakis.(1995a,b and 
c). 
2.4.3 Photoelasticity. 
The following part of the literature review details the development in approaches 
concerned with the determination of SIFs from photoelastic data. This is the 
technique used in the determination of SIFs for the work contained in this thesis, and 
as such is covered in more detail than the previously described techniques. Most of 
the developments have been made with regard to application to the homogeneous 
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crack, however the same techniques have been applied to the study of the bimaterial 
crack albeit to a lesser extent. 
In reviewing the work of Post (1958), Irwin (\958) showed for the first time how 
crack tip SIFs could be determined from stUdy of the isochromatic fringe loops 
surrounding a crack tip. Opening mode SIFs K, and far field stresses a., were 
determined from the analysis of a single data point situated at the apex of one of the 
fringe loops. To summarise the method, experimental photoelastic data is used to 
solve a set of stress field equations for a crack tip which relate the local stress 
components a"" a" and 't 'Y (or a 00' a IT and 't"' in polar form) to the SIFs. The 
significant observation was that along a line joining the crack tip and such an apex 
point, the rate of change of the maximum shear stress with respect to the angle to the 
direction of the crack was equal to zero i.e. the following differential equation was 
valid. 
lh m", = 0 
86 
This concept is discussed in detail in Chapter 5. 
(2.1) 
Bradley and Kobayashi (1970) modified the analysis of Irwin (1958) by the 
introduction of an additional expression for the remote stress parallel to the crack tip. 
The approach gave the impression of being a three parameter method, however two 
separate expressions within the analysis could be combined reducing the approach to 
a two parameter method. When considering a single fringe loop surrounding a crack 
tip the method reduced to an identical approach to that of Irwin (1958). In order to 
improve the accuracy of the SIF determination technique, points from two fringe 
loops lying on the same line at an angle 6 from the isochromatic pattern were used in 
a so called differencing approach. Schroedl and Smith (1973) used a similar 
differencing approach but took data from along a line beginning at the crack tip and 
perpendicular to the direction of the crack. The polar co-ordinates and the fringe order 
for each fringe were measured. SIFs and the remote stress a., were calculated for all 
combinations of fringe loop pairs, and an average value was then taken. 
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In comparing these three initial approaches Etheridge and Dally (1977) concluded 
that all three approaches provided solutions which were close (±5%) to those values 
predicted by theory provided that the polar co-ordinates of the measured data points 
were in the ranges 73°<8<139° and r/a<0.03. The Bradley and Kobayashi (1970) 
method despite being very similar to that ofIrwin (1958) in the determination of K, 
was the most accurate method,' closely followed by that of Schroedl and Smith 
(1973). Irwin's (1958) approach was found to have the largest error. The major cause 
of errors in all of the approaches is the measurement of the polar co-ordinates of the 
data points. Errors in the measurement of the radius, resulting in errors in the 
calculated SIF, occur for all of the three methods. Errors in the determination of 8 
also cause errors in the calculated SIFs. However in the differencing methods of 
Bradley and Kobayashi (1970) and Schroedl and Smith (1973) errors in the 
measurement of 8 can be eliminated since any fixed value may be employed. Despite 
the increased accuracy of the Bradley and Kobayashi (1970) and Schroedl and Smith 
(1973) methods, if only one fringe loop is observed at the crack tip, Irwin's (1958) 
method must be employed (using the Bradley and Kobayashi (1970) approach to a 
single fringe loop is identical to Irwin's approach as mentioned earlier). 
In a later paper Schroedl and Smith (1975) studied the near tip and far field effects of 
the stress field surrounding a crack tip in SIF determination. It was recognised that the 
first order linear equations of Irwin (1958) were only valid in the so called linear 
zone, which is dominated by the singular stresses. The linear zone is situated between 
a local zone very close to the crack tip which is subject to the effects of three 
dimensional stresses and plasticity and a far field zone affected by remote stresses and 
boundaries. The linear stress field solution does not satisfy the stress field in these 
inner and outer regions. Photoelastic data used in the determination of SIF must 
therefore be gathered from inside the linear zone if a linear stress field solution is to 
be employed in the calculations. In order to highlight the linear zone the following 
analysis was conducted. Photoelastic data was gathered along a line beginning at the 
crack tip in a direction perpendicular to the crack flanks. The apparent SIF calculated 
using the experimentally gathered data was plotted against the square root of the 
radius from which the data pOint was gathered. The calculated values were 
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normalised with regard to the remotely applied stress and the crack length. When 
plotted such a graph reveals the location of the linear zone. Linear extrapolation from 
the linear zone to the y-axis interface gives the nonnalised mode 1 SIF. This approach 
is reviewed in detail in Chapter 5. 
The approach was used in two research works Schroedl and Smith (1975) and Smith 
et al (1976) to evaluate the representation of various simulated crack geometries in 
the detennination of SIFs. Earlier work regarding the simulation of cracks by sharp 
notches had been conducted by Schroedl et al (1972) and Liebowitz et al (1967). 
Such work was prompted by the convenience of simulating a crack by a sharp notch 
which alters the stress field close to the simulated notch tip. Schroedl et al (1972) 
used the Kossof-Inglis solution for an elliptical hole to study the effect of representing 
a crack by a notch. For a notch of given radius it was shown that the near tip stress 
field is affected up to a distance of ten times the radius of the notch. Correction tenns 
to account for the simulation were suggested by Creager and Paris (1967), however 
Phang and Ruiz (1984) applied the correction tenns in the detennination of SIFs with 
little improvement. Schroedl and Smith (1975) and Smith et al (1976) showed that the 
type of notch used to simulate the crack tip did not significantly vary its effect on the 
stress field close to it. In general simulated notches produced SIFs that were lower 
than for a sharp crack. 
Following their review of two parameter methods for detennining SIFs in (1977), 
Etheridge and Dally (1978) proposed a three parameter approach. In addition to the 
two parameters, K, and 0" Ox , used by ITWin (1958) Bradley and Kobayashi (1970) 
. and Schroedl and Smith (1973), a third parameter or fitting coefficient was introduced 
into the solution equations. The new approach was experimentally evaluated using a 
centre cracked specimen. The results were compared to those predicted by theory. It 
was concluded that the three parameter method improved the accuracy in detennining 
SIFs from isochromatic data to within 1 % of theoretical predictions. In addition the 
range of angles to the direction of the crack tip from which data could be gathered 
was improved from 73°<0<139° to 69°<0<145°. It was acknowledged that the 
increased accuracy of the three parameter approach was at the expense of a longer 
analysis time. 
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Smith and Smith (1972) were among the first authors to report the determination of 
mixed-mode SIFs using photoelasticity. The stress field solution of Paris and Sih 
(1964) including both the opening mode and the shearing mode was used to describe 
the state of stress surrounding an angled edge crack in an infinite plate remotely 
loaded in tension. In the experiments conducted, the applied stress was frozen into the 
specimens to provide high fringe sensitivity, perfect elasticity and ease of data 
collection. Combination of the mixed-mode stress field solution with Irwin's 
observation (1958) (equation (2.1)) led to a relationship whereby the SIF ratio could 
be determined from measurement of the orientation of the isochromatic fringe loops 
with respect to the direction of the crack. Combination of this result with measured 
data points taken from each of the fringe loops enabled calculation of both SIFs. For a 
given specimen SIFs were measured over several fringe loops such that several 
calculations of the SIFs could be made over a range of radii from the crack tip. 
Normalised values of the measured SIFs were plotted against normalised radii. Hence 
accurate measures of the SIFs could be made by suitable extrapolations in order to 
determine SIFs from the singular zone. Chisholm and lones (1977) used the 
procedure of Smith and Smith (1972) in order to photoelastically determine pure 
shearing mode SIF s. This experimental analysis was used to validate their boundary 
collocation technique. 
Gdoutos and Theocaris (1978) also determined mixed-mode SIFs from photoelastic 
data. The problems associated with the near tip region were attributed to the following 
four areas: 
• Representation of a crack tip by use of a machined notch, a subject covered in 
detail by Schroedl and Smith (1974) and Smith et al (1976). 
• The high stress region at the crack tip resulting in high fringe density, and 
possible non-linearity of the stress-fringe relationship of the material. 
• Three dimensional stresses .. 
• Deviation from the assumed plane stress conditions. 
To avoid data collection from the hazardous near tip region, data was collected from 
the far field zone. This far field data was then subjected to a suitable extrapolation 
algorithm which, from comparison of the near and far field zones, translated the far 
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field data to a near tip solution. The technique was reported in an earlier paper by 
Theocaris and Gdoutos (1975) for the determination of opening mode SIFs. As with 
Smith and Smith (1972) the stress field solution of Paris and Sih (1964) was used to 
calculate both SIFs. In this work, two data points were collected and SIF values for 
both opening and shearing modes were solved separately, as oppose to obtaining the 
ratio of the SIFs from inspection of the fringe loop inclination. 
Following the above two research works Dally and Sanford (1978) classified SIFs 
from examination of the isochromatic fringe patterns. The equations of Paris and Sih 
(1964) were used to plot theoretical fringe patterns for various combinations of K" 
Kn and cr 0,' The following classifications were made, six states being identified, 
which were: 
I) Mode I alone. 
2) Mode I with cr 0, • 
3) Mode 2 alone. 
4) Mode 2 with cr 0,' 
5) Modes 1 and 2 alone. 
6) Modes 1 and 2 and cr 0, • 
The authors concluded that classification of the isochromatic fringe pattern was 
essential in order to select the appropriate method of determining the SIFs. Use of the 
Irwin (1958) approach was erroneous in a mixed mode case. Determination of the SIF 
ratio in the calculation of SIFs by the method of Smith and Smith (1972) would lead 
to errors in the presence of cr 0, . 
Zhengmei and Ping (1983) extended the mixed-mode analysis to the determination of 
the torsional mode SIF Km. A cylindrical bar with a radial edge crack was 
considered. The bar was subjected to torsion with the stresses frozen in. A slice of the 
bar was then cut and analysed The stress field solution of Paris and Sih (1964) 
including the torsional mode components was used firstly in the determination of K, 
and Kn using the approach of Smith and Smith (1972). A sub-slice of the original 
was then cut. This allowed the determination of Km, through suitable analysis of the 
photoelastic fringes using the stress field solution. 
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Following their earlier work Sanford and Dally (1979) developed a general method 
for the determination of mixed-mode SIFs from isochromatic data. Again the stress 
field solution of Paris and Sih (1964) was used to determine mixed-mode SIFs. Four 
different approaches were developed which were: 
1) A selected line approach (two points). 
2) A classical approach (two points). 
3) A deterministic approach (three points). 
4) An over deterministic approach (multiple points). 
The mUltiple point over deterministic method (MPODM) was made possible due to 
advances in computer technology. Previously calculations were performed manually, 
hence only two or three points. from the isochromatic field were analysed. The 
MPODM takes many points from the isochromatic field and these are used to find the 
stress field solution by a least squares minimisation technique and a Newton-Raphson 
iteration. The large number of calculations necessitate use of a computer. 
Of the four methods of SIF determination the authors recommended the MPODM. 
The least squares analysis within the approach minimises inaccuracies from the 
measured co-ordinates of the selected data points. This technique is used extensively 
throughout the work reported in this thesis and is discussed in detail in Chapter 5. 
Wang (1990) used a digital imaging thinning technique to gather data lying on the 
integer and half integer fringes of an opening mode centre crack in a plate loaded in 
transverse tension. The Westergaard (1939) solution to the stress field surrounding the 
crack was expanded to include the second order terms, the coefficients of which 
describe the far field effects. The data gathered was used to calculate the opening 
mode SIFs, which agreed with the analytical predictions ofIsida (1966). 
Miskioglu et af (1987) studied mixed-mode SIFs for edge cracks in a plate loaded in 
tension. Two photoelastic data collection techniques were used to gather data. These 
were the half fringe approach of Voloshin and Burger (1983), capable of determining 
full field data for fringe orders up to 112 fringe, and a fringe sharpening technique 
capable of extracting data accurately from the integer and half integer fringes. The 
stress field solution of Hellan (1984) including higher order terms was used to 
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describe the crack tip stress field. The MPODM of Sanford and Dally (1979) was 
used to detennine the SIFs for the stress field solution using the data gathered by the 
two techniques. Results obtained agreed well with those predicted by the numerical 
boundary integral equation method. In conclusion it was stated that the half fringe 
method was limited as it allowed only low fringe orders below 112 fringe. The fringe 
sharpening technique improved the accuracy of the photoelastic data but was not full 
field . 
. Nurse and PaUerson (1990) detennined SIFs for edge cracks under mixed-mode 
loading using a new photoelastic technique. As with the analysis of Wang (1990) the 
Westergaard (1939) solution to the stress field was similarly expanded using a Taylor 
series such that the solution contained the second order tenns. As a result, data 
collection was not restricted to the singular zone. Knowledge of the location of the 
singular zone was not required and data could be collected from throughout the 
isochromatic fringe map. Data was gathered from points lying on the integer (dark 
field) and half integer (light field) fringes. The MPODM of Sanford and Dally (1979) 
was used to detennine the SIFs. This technique was used by Nurse and PaUerson 
(1993a) in subsequent research regarding the detennination of fatigue crack SIFs. 
Hyde and Warrior (1990) similarly used second order tenns in the detennination of 
SIFs. In their approach the sum of the squares of the residual in the MPODM iteration 
process was used to judge a good fit of the experimental data to the theoretical 
solution. The crack tip in this case was considered variable and was allowed to float 
to a position where the residual of the iteration was minimised. 
In a later paper Nurse and PaUerson (1993b) detennined predominantly shearing 
mode SIFs from photoelastic data using the complex Fourier analysis of 
Muskhelishvili (1953). The data collection approach was the same as that used above, 
the difference in the technique is in the complex solution equations. The technique 
was found to be accurate for both opening and shearing mode problems. The accuracy 
of the technique was assessed by constructing theoretical fringes from the 
experimentally detennined SIF and comparing them to the experimental fringes. The 
authors concluded that the technique was a more accurate and versatile method for 
SIF detennination than their previous work. The authors were still in some doubt 
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regarding the limit of the data collection zone, and stated that further work was 
required to define this zone. 
In the above two works reported by Nurse and Patterson (1990) and (l993b) data was 
collected from the integer and half integer fringes. Developments in automated data 
collection (discussed later in this chapter) allow full field data to collected from any 
point in an isochromatic phase map. Haake et at (1994) produced the first known 
attempt to determine SIFs from full field automated data. Data was collected using 
two automated approaches, firstly the phase stepping routine of Patterson and Wang 
(1991) and secondly that of spectral contents analysis, Haake and Patterson (1992). 
The higher order terms algorithm of Nurse and Patterson (1990) was adapted to 
determine SIFs from full field data, collected using the two automated approaches. 
SIFs were determined for angled edge cracks in a flat plate loaded in remote tension. 
The results were compared to those predicted by Bowie (1973). The authors 
concluded that the SIFs determined using automated data collection compared well 
with those using manual methods and those predicted by theory. Spectral contents 
analysis had the advantage over the phase stepping approach in that it did not require 
calibration of the absolute value of the phase map from an auxiliary technique. The 
technique was limited by problems inherent with the data collection techniques. 
Han and Wang (1996) have reported and alternative approach based on isochromatic 
fringe contour sharpening In the example provided, data was gathered over fractional 
fringe orders where the fringe order N is less than I. The method of Schroedl and 
Smith (1975) was used to determine SIFs from the collected data. The technique does 
not appear to advance on the approaches of Nurse and Patterson (1990) and (1993b) 
and Haake et at (1994). 
To date there have been few attempts to determine SIFs for the bimaterial case using 
photoelasticity. Miskioglu et at (1991) and Ferber et at (1993) both compared finite 
element predictions to SIFs for bimaterial compact tension tests. For the photoelastic 
experimentation, the procedure was similar to that of Nurse and Patterson (1990) 
except that the MPODM was used to fit the experimental data gathered from the 
integer fringes to the bimaterial stress field solution of Sih and Rice (1964) and Shih 
and Asaro (1988). 
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Lu and Chiang (1993) detennined a complex SIF for a centre cracked bimaterial 
specimen, comprising two dissimilar photoelastic resins. Data was gathered from the 
isochromatic pattern in one of the components. Two data points along the same radial 
line were required to solve the stress field equations derived from Sih and Rice (1964) 
and Shih and Asaro (1988). The complex SIFs determined were presented according 
to the definition of Rice (1988) and were compared with the theoretical predictions of 
Rice and Sih (1965). The authors concluded that better agreement with theory is 
obtained from data collected between 90° and 130° from the crack tip. The complex 
SIFs determined were within 10% of those predicted by theory, however errors 
related to the measured phase angle were larger. 
Barone and Pasta (1995) measured SIFs for a bimaterial compact tension specimen 
comprising aluminium and epoxy. Data was collected from the epoxy component of 
the specimen using the full field automated approach of Ajovalasit et aJ (1995). The 
MPODM of Sanford and Dally (1979) was used to fit around two hundred points to 
the stress field solution for the bimaterial crack derived by Sih and Rice (1964) and 
Shih and Asaro (1988). In order to evaluate the results measured SIFs were used to 
construct theoretical fringes which were compared with those produced 
experimentally. It was stated that good agreement was achieved between the 
experimental and theoretical fringe plots, and that experimentally detennined SIFs 
agreed well with those obtained using the finite element method. A comparison to 
show this was not presented in the report. Several crack lengths were studied, 
however the analysis was limited to one applied load and load angle. 
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2.5 Automated Photoelastic Data Collection Techniques. 
Photoelasticity has been used for many years as an effective stress analysis tool. 
Perhaps the first notable text book on the subject was written by Coker and Filon 
(193l), and there have been many texts since, notably by Frocht (1941 and 1948). 
Although not applied in the work reported in this thesis it is worth noting that the 
technique of stress freezing photoelastic models, allowing three dimensional stresses 
to be studied, was first used by Oppel (1936). 
Photoelasticity allows the extraction of two photoelastic parameters which enable the 
state of stress in a given component to be analysed. These are: 
I} The isochromatic parameter, or fringe order, a from which the difference in 
principle stresses er I - er 2 can be determined. 
2} The isoclinic parameter, or angle, e from which the directions of the principle 
stresses can be determined. 
The development in techniques dedicated to the extraction of these two parameters is 
reviewed in this section. For the purposes of this research work, the isochromatic 
parameter is of greatest importance, as from this measurement the SIF at the crack tip 
may be calculated. 
2.5.1 Early Developments Towards Automated Photoelasticity. 
Initial attempts at automated photoelasticity used photomultipliers to measure light 
intensity from a photoelastic system. However such systems were limited as the 
absolute fringe order has to be determined by inspection and the presence of 
background light led to errors. One of the earliest attempts to develop a system to 
automatically determine the isochromatic and isoclinic parameters was made by 
Zanderman (1959). The effects of background light intensity were reduced by using a 
two channelled apparatus, one used to view the stressed component the other used to 
observe a similar unstressed dummy. A Babinet compensator, controlled by a motor, 
was used to measure the fringe order at a point where the light intensity from each 
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channel was the same. The system was limited to retardations of half a wavelength. 
Sapaly (1961) developed an alternative approach which involved a rotating analyser. 
The effect of this was to modulate the emerging light intensity into a sinusoidal wave. 
The approach required knowledge of the principal stress directions and was limited to 
one fringe order. The concept of the rotating analyser was further developed by 
Robert (1967). He measured both the phase of the emerging sinusoidal wave and its 
amplitude. From these measurements the ellipticity of the light and its orientation 
were calculated. This approach was again severely limited in that it was restricted to 
retardations of one wavelength and the orientation of the emerging elliptical light was 
achieved by inspection. 
Pant (1963) was one of the first researchers to use mUltiple wavelengths to determine 
the photoelastic parameters. Two different wavelengths were used to determine the 
fringe order at a nominal wavelength. A white light plane polariscope was used along 
with two optical spectrum filters, one green and one red. The Tardy method was then 
used to determine the fringe order for each wavelength. From this information the 
fringe order at the nominal wavelength could be calculated. The approach was 
essentially a simpler alternative to the compensation method. Young (1967) 
automated this method by building a polariscope complete with stepper motors and a 
photodiode to control the rotation of the polariscope elements. The method was 
inaccurate in that changes in light intensity at fringes was very small, in addition the 
sign of the fractional fringe order had to be assigned by inspection. 
2.5.2 Point by Point Automated Photoelasticity. 
Allison and Nurse (1972) developed a system which automatically determined the 
photoelastic parameters at a point in the field of view. A narrow beam of white light 
was used to observe a point on a stressed model viewed through a crossed plane 
polariscope whose elements were rotating at constant speed. A photocell was used to 
measure the intensity of the emitted light in terms of a voltage. A phase computer was 
used to compare this signal with that of a sine wave generator linked to the drive 
motor of the polariscope elements. The measured phase shift was used to determine 
the isoclinic angle. In order to measure the isochromatic parameter a continuously 
rotating circular compensator was used along with a narrow light beam, which rapidly 
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alternated between two colours, green and red. The polarisers were orientated at the 
previously measured isoclinic angle. Measurement of the compensator at the angular 
rotation corresponding to the minimum light intensity led to the determination of the 
fringe order. 
Redner (1974) used a similar approach in the determination of the isoclinic angle. His 
approach to measuring the isochromatic differed from that of Allison and Nurse 
(1972). A circular polariscope with a spinning analyser was used to view the 
specimen illuminated with white light. The emergent light was split into two beams 
using a beam splitter. Each beam was then passed through a narrow band filter, a 
photoelectric sensor and into a phase detector. The phase difference between the two 
beams was used to determine the fringe order. 
Fessler et al (1987) used a micropolariscope for automated stress analysis. The 
apparatus consisted of a small polariscope whose elements were controlled by stepper 
motors linked to a computer. The polariscope was used to analyse frozen stressed 
slices which were mounted on a moveable stage, again controlled by stepper motors. 
The approach essentially automated the manual Tardy approach. Light intensity 
measurements were achieved using a photomultiplier tube and digital voltmeter. The 
method adopted a point by point approach. where each point in a grid of 3 x 50 was 
sequentially considered. Having analysed a given slice, the slice itself was sliced and 
the analysis was repeated for the sub-slice. A computer program was used to separate 
the stresses using the shear difference method of Frocht (1952). The approach was 
accurate but time consuming with the analysis of each point taking 75 seconds. 
Redner (1985) was one of the first researches to use spectral contents analysis to 
extract the photoelastic parameters. A standard circular polariscope was used to 
analyse a model. Light emerging through the analyser from a given point, was then 
channelled into a prism or diffraction grating. This split the light into several beams, 
each comprising a narrow band of frequencies. The light was then focused onto a 
photodiode array, which could measure and record the photoelectric current. This 
information was used to extract the isochromatic parameter. The approach involved a 
computer to analyse the experimental data as opposed to visual interpretation. The 
method did not require prior knowledge of the principle direction in order to calculate 
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the isochromatics. The most serious limitations of this approach were that point by 
point analysis was required and the isoclinic angle could not be measured. 
In a later study Haake and Patterson (1992) developed the spectral content analysis of 
Render (1985) in order to study frozen stressed specimens. The method was evaluated 
using two stress frozen specimens, a semi-infinate plate with a central hole and a 
radially loaded disc in a V groove. The technique was found to be accurate to ±O.5%, 
equally as good as alternative methods. Results for the experimental analysis 
compared well with results obtained using manual analysis. Redner (1985) had stated 
that the system did not require an expert photoelastician to operate it as the fringe 
order at each point is determined uniquely. However the system remained point-by-
point semi-automatic. It was limited to low fringe orders and was still incapable of 
determining the isoclinic parameter. The authors commented that the system could be 
automated further by use of available software capable of micropositioning the 
specimen and also indicated that the isoclinic angle could be found by rotation of the 
output quarter wave plate using the approaches of Redner (1974) and Fessler et al 
(1987). 
2.5.3 Full Field Automated Photo elasticity. 
The mam draw back of systems described up to now is that the photoelastic 
parameters are determined for one point at a time in a point by point process. Mueller 
and Saackel (1979) developed a system with full field capabilities. The technique was 
evaluated using a standard disc-in-compression test. A video camera connected to a 
suitable digital store was positioned so as to view the loaded model through the 
analyser of the polariscope. A full field fringe pattern was then recorded for a dark 
field arrangement. The camera could practically assign one of 60 grey levels to each 
point in the field of view. The boundary of the disc was determined from an image of 
it taken in the absence of the polariscope elements. Suitable image processing 
produced an image which contained only the isochromatics present in the initial 
image. At this point a threshold grey level was chosen. Any point below this level 
was flagged as white and any point above this level was flagged as black, hence black 
bands now represented the isochromatics. The centres of these bands were determined 
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by fitting circles such that the edges of the strips fonned tangents to the edge of the 
circles. The locus of the centre of the circles fonns the centre lines of the fringes. This 
procedure was carried out for the isochromatic fringes and sixteen isoclinic fringes 
over a range of angles between OOand 90°. Separation of stresses was achieved by 
using Liebmann's fonnula, in Frocht (1948). 
Seguchi et al (1979) developed a similar full field approach. In their technique the 
boundary of the model was detennined by surrounding the model with a black screen 
and using a computer program to trace the perimeter using a borderline following 
technique. The centre lines of the isochromatics were found by progressively thinning 
the fringes by removal of the outer points until only the centre line remained. Seguchi 
et al (1979) used a finite element analysis routine to separate the stresses as opposed 
to the Laplace solution used by Mueller and Saackel (1979). 
The main disadvantage of the approaches proposed by Mueller and Saackel (1979) 
and Seguchi et al (1979) is that the fringe order has to be identified and assigned 
manually to the isochromatics by the operator. To overcome this Voloshin and Burger 
(1983) developed the method of half fringe photoelasticity. This method did not 
require manual identification and input of the isochromatic fringe order. An Eyecom 
digital grey level analyser was used to view a stressed model through a polariscope 
set up in a light field (half integer fringe) arrangement. The field of view was split 
into 640 x 480 pixels, each pixel being assigned one of 256 grey scale levels. Images 
captured by the digital analyser were stored on a computer. The system could identify 
any half order fringe region i.e. 0 to ~, or ~ to N, but could not identify which 
region it was examining unless only fringe orders up to N were examined. In order 
2 
to achieve this experimentally it was necessary to use low loads, a high fringe 
constant fo and thin models. The technique was therefore suited to the analysis of 
glass models which have a high fringe constant. 
Brown and Sullivan (1987) and (1990) developed the half fringe approach of 
Voloshin and Burger (1983) by introducing the method of phase stepping. This 
research provided the first completely automated full field system that enabled the 
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extraction of absolute value, fractional fringe orders. Hecker and Morche (1986) 
similarly developed the phase stepping approach but used a circular plane 
polariscope, this introduced isoclinic/isochromatic interaction which required suitable 
manipulations of the intensity equations to allow extraction of the isochromatic 
parameter. 
Yao (1987) using image processing equipment to determine isoclinics by collecting 
full field images of a specimen viewed with a dark field plane polariscope and a dark 
field circular polariscope. The former image was then divided by the latter in a so 
called Image Division method (IDV) which resulted in a full field phase map of the 
isoclinic. In a subsequent development of this work Yao (1990) collected several 
images of a specimen viewed through a crossed plane polariscope for stepped 
rotations of the polariser and analyser. Improved isoclinic phase maps were 
determined using an Image Differentiation method (IDF) and further by combining 
the IDV and IDF method to form an Image Division and Differentiation method 
(100). The technique produced reasonable results for the isoclinic phase map and 
illustrated the powerful tool of image processing. However as stated later by 
Buckberry and Towers (1996) the approach could not compete with the phase 
stepping methods ofVoloshin and Burger (1983), Brown and Sullivan (1987), (1990), 
Hecker and Morche (1986) and Patterson and Wang (1991) described below. 
Patterson and Wang (1991) followed on from the work of Brown and Sullivan (1987) 
(1990) and Hecker and Morche (1986) and used phase stepping in the extraction of 
the photoelastic parameters. For a stressed model viewed using a circular polariscope, 
four orientations of the output elements reduced the intensity equation (a function of 
the photoelastic parameters and orientation of the output elements of the polariscope) 
to convenient simplifications. From the resulting equations both photoelastic 
parameters could be calculated. A CCD camera was used to gather full field images 
of the model at the prescribed orientations of the polariscope. Mathematical routines 
were performed on the stored images to extract full field phase maps of both the 
isoclinic and isochromatic parameters. The analysis time for the approach was rapid 
allowing many thousands of points to be analysed quickly. The disadvantage of this 
approach was that it introduced isocliniclisochromatic interaction and the isoclinic 
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could only be detennined unambiguously over half the required range ±rr/4 as 
opposed to ±rrl2. The isoclinic was then used in the subsequent calculation of the 
isochromatic which led to it being assigned the wrong mathematical sign in regions of 
ambiguous isoclinic. The absolute value of the phase map of the isochromatic 
required calibration from an external source. 
Wang and Patterson (1994) later used phase stepping with demodulation and fuzzy set 
data in order to somewhat overcome the problems associated with the phase stepping 
algorithm of Patterson and Wang (1991). Carazo et al (1994) combined the 
approaches of phase stepping and spectral contents analysis in order to achieve a 
calibrated full field phase map of the isochromatic. The full field approach of phase 
stepping was used to detennine an unwrapped phase map of the isochromatic. 
Spectral contents analysis was then used to detennine the absolute phase at a point. 
This infonnation was then used to calibrate the isochromatic phase map to an absolute 
value. 
In order to improve the turnover time of the phase stepping approach, Patterson and 
Wang (1998) later developed instrumentation that enabled the simultaneous capture 
of the four phase stepped images required in their analysis. This system is of 
particular use in the photoelastic study of dynamic events. 
A further advance in automated photoelasticity by this research group was made by 
Haake and Patterson (1994) who developed the point-by-point spectral contents 
method into a full field approach. Eight narrow band filters along with a grey scale 
CCD camera were used to produce a full field spectral analyser. The apparatus was 
capable of measuring up to seven or eight fringe orders. The authors pointed out that 
the major problem with the approach is that an initial known fringe order is required 
in order to seed the process by which an appropriate theoretical spectrum is found to 
match the measured one. 
Sanna et al (1992) proposed an alternative phase stepping approach. A plane 
polariscope was used in order to avoid errors caused due to dispersion of the quarter 
wave plates. Full field images were gathered for three orientations of the analyser, 0, 
36 
Chapter 2- Literature Review 
45 and 90°, the polariser remaining fixed. The relationship between the light intensity 
and the photoelastic parameters were derived using the Stokes representation of 
polarised light. Measured values of the parameters for a disc in compression test 
compared well to those predicted by theory. However it was reported that the fringe 
order suffers from sign ambiguity in some regions. The approach was also limited to 
fractional fringe orders. Integer fringe orders could only be measured using two or 
three wavelengths as described in an earlier paper by Srinath and Sarma (1973) 
Quan et at (l993) used carrier fringe and Fast Fourier Transforms (FFTs) in their 
photoelastic approach. The carrier fringes were generated by inserting a birefringent 
wedge between the specimen and the output quarter wave plate of the polariscope. 
The combined fringe pattern was captured using a CCD camera and was analysed 
using the Fourier transform method. Only one image was required to analyse a 
specimen compared to the four required using the phase stepping approach of 
Patterson and Wang (1991). The results obtained for a disc-in-compression test and a 
diametrically loaded ring agreed well with the theory of elasticity. The approach is 
limited in high stress regions. 
Ajovalasit et at {I 995a) proposed a method where a circular polariscope illuminated 
by three light sources of varying wavelength was used to analyse a stressed specimen. 
The three colours of light were red, green and blue hence the name RGB 
photoelasticity was adopted. Full field images of the isochromatics for each colour 
were digitally stored using a colour CCD camera. In order to calibrate the method 
RGB values were collected along a transverse line of a calibration beam in bending 
mode. The information gathered from the full field images and the calibration data 
was used to determine the isochromatic parameter. The method was tested and found 
to capable of measuring the isochromatic up to three fringe orders which was 
considerably better than the half order limit achievable using half fringe 
photoelasticity. The method was accurate up to 2%. 
Following this work, Ajovalasit et at (l995b) studied the influence of quarter wave 
plates on photoelasticity for the two approaches of spectral contents analysis and 
RGB photoelasticity. It was shown that the retardance error or mismatch between the 
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light source wavelength and quarter wave plate causes an attenuation of the maximum 
intensity for a dark field arrangement and an increase in minimum intensity for a light 
field arrangement. It was also shown that for RGB photoelasticity, errors could be 
minimised by matching the quarter wave plates to the middle wavelength. 
Buckberry and Towers (1996) produced their own approach to three wavelength 
photoelasticity. Wavelengths one and three were used to create a mask in the form of 
a square wave generated by subtracting one phase function from the other. The 
intermediate wavelength was chosen such that in its phase map the turning points at 7t 
radians occurred at the reducing hard edge of the square wave mask. The phase map 
could then be unwrapped using for example the Discrete Cosine Transform method of 
Ghiglia and Romero (1994). The absolute values were determined by correlating the 
three phase maps to a beat frequency. Similarly the isoclinic was extracted by 
companson of the dark field phase maps recorded for light of two different 
wavelengths. The approach was effective up to five fringe orders. 
Ajovalasit et at (1998) have recently presented a comprehensive review of the 
development of automated data collection techniques, and the application of 
automated photoelastic data to some engineering problems. 
The phase stepping method of Patterson and Wang (1991) and the three wavelength 
approach of Buckberry and Towers (1996) are reviewed in detail in Chapter 4. 
Strictly speaking, changing the wavelength of light used to illuminate the specimen in 
a polariscope is a method of phase stepping. However for the purposes cif this thesis it 
is convenient to label the method of Patterson and Wang (1991) as phase stepping, 
and the approach of Buckberry and Towers (1996) as three wavelengths. Following 
the review, Chapter 4 details a new technique known as "load stepping". As 
mentioned in the introduction this new technique is used as the data collection 
technique for the experiments conducted throughout this thesis. 
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2.6 Conclusions from the Literature Review. 
As a consequence of the literature review the following conclusion may be made. 
Firstly there appears to be considerably more theoretical research works relating to 
the theoretical analysis of the bimaterial crack than equivalent experimental studies. 
Many of the studies following the initial mathematical study ofWilliams (1959) have 
been attempts to correct the unsatisfactory nature of the Williams (1959) solution 
close to the crack tip. Despite these attempts it has been accepted that the original 
solution of Williams (1959) is acceptable except for regions close to the crack tip. 
Mathematical solutions such as that of Williams (1959) and developments that 
followed have been used to determine SIF by numerical methods. The finite element 
method has also been extensively applied to the study of the bimaterial crack and the 
determination of bimaterial SIFs. Such theoretical and numerical approaches are far 
more developed than experimental bimaterial studies and therefore require 
experimental validation. 
Of the limited applications of experimental techniques to the study of the bimaterial 
crack, photoelasticity has received comparatively little attention compared with the 
alternative techniques of caustics, interferometry and coherent gradient sensing. This 
is somewhat surprising as the use of photoelasticity is widespread in the study of the 
homogeneous crack. 
In order to reduce the data collection time of photoelastic analysis, the subject of full 
field automated data collection has received a great deal of attention over the past 10 
years. Activity in this area is particularly evident in recent years as the availability of 
computers and digital image processing equipment has increased the scope of the 
research. Present methods may be split into two separate approaches, using either 
phase stepping or three wavelength photoelasticity. Both approaches have inherent 
associated problems, which limit their applicability to many engineering studies 
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A summary of the above conclusions is as follows: 
I) The Williams (1959) solution to the bimaterial crack tip is acceptable except for 
regions close to the crack tip. 
2) Theoretical studies of the bimaterial crack outnumber equivalent experimental 
analyses. Such theoretical studies require experimental validation. 
3) Of the experimental techniques applied to the study of the bimaterial crack, 
photoelasticity has received little attention. However it has been applied with great 
success to the study of the homogeneous crack. 
4) Advances in computing technology have allowed the opportunity to determine 
crack tip SIFs automatically using full field photoelasticity. 
5) Full field automated photoelastic data collection significantly reduces data 
collection time. Presently available techniques require the solution of inherent 
problems before they may by applied with confidence to many engineering problems. 
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CHAPTER 3: 
THEORY. 
This chapter describes in detail the existing theory used in the course of this research 
work. Firstly, it is shown how photoelastic isochromatic data can be used to 
determine the maximum shear stress in a stressed model. Secondly Q derivation of the 
stress field solution to the bimaterial crack is given. Finally the definition of the 
bimaterial SIF is reviewed. 
3.1 Introduction. 
Irwin (1958) was the first to show that the photoelastic isochromatic fringe pattern 
surrounding a crack tip could be used to determine the maximum shear and hence the 
state of stress and SIF. The maximum shear stress may be defined in terms of the 
local stress components using Mohr's circle. The stress optic law relates the 
isochromatic parameter a to the maximum shear stress. The stress field surrounding a 
crack tip and its SIFs may therefore be determined photoelastically if a theoretical 
solution to the stress field is known. For the homogeneous crack the Westergaard 
(1939) equations have been used in many photoelastic analyses to deterniine SIFs. For 
the photoelastic analysis of the bimaterial crack an alternative stress field solution is 
required. 
3.2 The Stress Field around a Crack. 
Consider a crack at the interface between two dissimilar materials, as shown in Fig 
3.1. The fundamental equations describing the state of stress surrounding the crack tip 
have been described have been described by Williams (\ 959) who used an eigenvalue 
approach to solve an appropriate Airy stress function. 
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Beginning with the biharmonic equation, 
V4x(r,9) = 0 (3.1) 
a suitable Airy Stress function is given by equation (3.2) where 11 is an eigenvalue 
solution: 
x(r,9)= r"+'P(9) 
= r"+'[asin(11 + 1)9 + bCOs(11 + 1)9 + csin( 11- 1)9 + d cos( 11-1)9] 
(3.2) 
The stresses are given by Timoshenko and Ooodier (1951) as, 
1 02 1 Ox. 
cr rr = -~ + --= r"-' [P"(9) + (11 + I)P(9)] 
r2 09 2 r Or 
(3.3a) 
(3.3b) 
(3.3c) 
and the displacements are given by: 
u. =_1 r"[-p'(9)-4(1--v-)(CCOs(11-1)9-dsin(11-1)9)] (3.4a) 
20 1+ v 
u, =_1 r"[-(11+ I)p(e)+ il-_v_)(csin(11-1)9+ dCos(11-I)e)] (3.4b) 
20 '\ 1+ v 
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The boundary conditions for the bimaterial geometry Fig 3.1 are given by: 
0" ee = 0 at 9 = ±1t (3.Sa) 
0" nJ = 0 at 9 = ±1t (3.Sb) 
(0" .. ), = (0" .. ), at 9 = 0 (3.Sc) 
(3.Sd) 
(3.Se) 
(u,,), =(u,,), at9=O (3.Sf) 
Substitution of the boundary conditions into equations (3.3) and (3.4) gives the 
following system of eight simultaneous equations: 
a, sin(11 + 1)1t + b, COs(11 + 1)1t + c, sin(11 -1)1t + d, COs(11 -1)1t = 0 (3.6a) 
-a, sin( 11 + 1)1t + b, cos( 11 + 1)1t + c, sin( 11 - 1)1t + d, cos( 11 - 1)1t = 0 (3.6b) 
a,(11 + l)cOs(11 + 1)1t - b,(11 + l)sin(11 + 1)1t + C,(11 -1)cos(11 -1)1t 
- d,(11 -1)sin(11 -1)1t = 0 
(3.6c) 
a,(11 + l)cOs(11 + 1)1t - b,(11 + l)sin(11 + 1)1t + C,(11 -1)COS(11 -1)1t 
- d,(11 -1)sin(11 -1)1t = 0 
(3.6d) 
(3.6e) 
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(3.6f) 
4(1-~)C,=4~(I- v, )c,+(~-I)[(l]+l)a,+(l]-l)C'l 
l+v, G, l+v, G, 
(3.6g) 
4(1--V-'-)d,=4~(1- v, )d,-(~-I)(l]+l)[b,+d'l 
l+v, G, l+v, G, 
(3.6h) 
Where a, ,a" b" b" c" c" d" d, are the unknowns. 
Equation (3.6) may be arranged in an 8 x 8 matrix form. A non trivial solution for the 
unknowns exists if the determinant of the system of equations equals zero. Williams 
(1959) showed that the determinant could be written in the form: 
cot' l]1t + 
2~(1- v, )_2(1 __ v, )-(~-1) , 
G, l+v, l+v, G, 
=0 2~(1- v, ) + 2(1-~) 
G, l+v, l+v, 
(3.7) 
• The Homogeneous Solution. 
For the homogeneous case the material properties are the same, .. v, = v, and 
G, = G,. Equation (3.7) reduces to: 
cot' l]1t = 0 (3.8) 
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Where the eigenvalues are: 
I 3 5 
11=-,-,-··· 
222 
(3.9) 
The lowest eigenvalue which controls the behaviour of the stresses gives the typical 
square root stress singularity: 
I 
- ll-I 2 O'rr,O'eo'O'r9ar = r (3.10) 
• The Bimaterial Solution. 
For the bimaterial case, i.e. different material properties, there are no real solutions to 
equation (3.7) as the two positive terms cannot be equated to zero. Williams (1959) 
used a complex eigenvalue solution to satisfy equation (3.7). The eigenvalues were 
expressed thus: 
T] = ReT] + iImT] (3.11 ) 
The stresses then behave according to: 
(3.12) 
Williams (1959) pointed out that equation (3.12) is oscillatory in nature. This 
behaviour was also observed by several authors that continued Williams' research, 
e.g. Erdogan (1963) and (1965) Sih and Rice (1964) Rice and Sih (1965). England 
(1965) showed that this solution was unacceptable close to the crack tip as the 
oscillatory nature of equation (3.12) predicts the physical impossibility of crack flank 
interpenetration close to the crack tip. However as mentioned in the literature review 
it has been accepted that the solution of Williams (1959) is suitable except for regions 
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very close to the crack tip and has been used by several experimental investigators 
e.g. Miskioglu et al (1991) and Lu and Chiang (1993). 
Sih and Rice (1964) showed the solutions to the complex eigenvalue to be: 
I . d . I' I. 11 = - + lE an Its comp ex conjugate 11 = - - lE 
2 2 
Where E is the bimaterial parameter defined, for plane stress, as: 
I 
E=-In 
21t 
KI 1 
-+-GI G, 
K, 1 
-+-
G, GI 
3- v 
where KI = I 
1 + VI 
d 
_ 3 - v, 
an K,-
1 + v, 
(3.13) 
(3.14) 
Substitution of equation (3.13) and (3.14) into equation (3.6) results in the solution of 
the constants a I a, ... dId, in terms of E. These may then be used to determine explicit 
expressions for the local stress components by substitution into equations (3.3). Sih 
and Rice (1964) showed that the local stress components could be expressed in the 
form: 
(3.15) 
(p,q) represent the polar indices (r,8). f~:!' are given by: 
46 
3CO{%+ ElnrJ + 
f! = e -,(.-9) 2€ sin 9 Co{ % - Eln r] ,(.-9) {39 ] 
-e co 2+€lnr 
- sin9 Sin[% - € Inr] 
-3Si{% + e1nr] + 
f~ = e-,(·-9) 2€Sin9Sin[%-Elnr] +e,(·-9) Si{3; + ElnrJ 
[ ' _ -,(.-9) 00 - e 
[ 11 _ -,(.-9) 00 - e 
f ' _ -,(_-9) .. - e 
+ Sin9CO{% - ElnrJ 
Co{~ + Elnr] + 
2€ sin9 co{% - E Inr] 
+ Sin9Si{%- €Inr ] 
-Sin[% Hlnr J-
2€ sin 9 Si{ % - E In rJ 
- sin9 CO{% - e1nr ] 
Si{% + Einr]-
2E sin 9 Si{ % - E In rJ 
- sin9 CO{% - E Inr ] 
,(.-9) {39 I] +e co 2+€ nr 
,(.-9) .J39 I ] 
-e Sh12 +E nr 
,(.-9) {39 ] + e co 2+Einr 
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(3.16a) 
(3.16b) 
(3.16c) 
(3.16d) 
(3.16e) 
f ll _ -,(.-0) rtl - e 
co{% + Etnr] + 
2E Sineco{% - Etn r] 
- sin e Si{ ~ - Etn r] 
Chapter 3' Theory 
,(.-0) {3e ] +e co Z+Elnr (3.16f) 
In the above derivation the bimaterial SIF k = kI + i kII are those suggested by Sih 
and Rice (1964). 
For the homogeneous crack the SIFs are defined thus: 
K, = Limcro(e = o)-hm 
HO 
(3.17) 
(3.18) 
Such a definition for the bimaterial crack is not possible due to the complex nature of 
the stress field solution. The following section reviews the various definitions for the 
bimaterial crack SIF which have been suggested. 
3.3 Definition of SIFs for the BimateriaI Case. 
The oscillatory stress singularity at the tip of a bimaterial crack leads to problems in 
the definition of the SIFs. Unlike the homogeneous crack the two components of the 
bimaterial SIF do not uniquely describe the opening and shearing components of the 
SIFs. Instead of the square root singularity at the crack tip the form of the singularity 
for the bimaterial case is: 
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(3.19) 
Many definitions of the SIF have been proposed, one of the first being due to Sih and 
Rice (1964) who defined a complex SIF, as used above, thus: 
k kI ·kII (00 . 00 )(1 2·) i'..Ja12ii. = +1 = cr 22+Icr 12 + u;a- () 
cosh ne 
(3.20) 
Hutchinson et al (1987) proposed a slightly different bimaterial complex SIF, K Bi . 
KBi differs from k as follows: 
KBi = K, + iK, = k.J;. cosh nE (3.21) 
Hence the complex SIF K, + i K" is given by: 
(3.22) 
The above proposal is problematic as the complex SIF is a function of the crack 
length phase term a -i, . When the unit of length is changed say from m to mm then as 
well as the expected change in magnitude of the SIF, the ratio of the SIFs K,: K" or 
phase angle also changes which is an inconvenience. It is unacceptable however to 
remove the a -i' term as it would then have to be incorporated into the field solution 
described by equation (3.30). In this situation, cracks of different lengths with the 
same SIFs would have different near tip stress fields. 
Rice (1988) suggested the so called classical definition for the bimaterial SIF. This 
definition has the same units as the homogeneous case. Instead of removing the a -i, 
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... it 
tenn, an additional phase tenn r is added where r is a particular value of the radial 
distance, hence: 
(
' ) ie (' ) ie KI + iKII = KBi rl a = K, + iK, rl a (3.23) 
The SIFs of the classical type may therefore be expressed as: 
(3.24) 
It is important to note that the bimaterial SIFs KI and iKII are not the same as the 
mode I and mode 2 (K, and Kn) SIFs used to describe the homogeneous crack. 
Firstly the bimaterial SIF definition includes a length tenn, in the classical definition 
of Rice (1988) this takes the fonn of r . As a consequence the SIFs must be defined at 
a given radius from the crack tip. Secondly the two components are inseparable, KI 
and KII do not uniquely describe the opening and shearing modes. The following 
analysis explains this concept. 
If the two materials are the same then a homogeneous condition exists where E = O. 
Therefore KI + iKII reduces to the homogeneous fonn as follows: 
(3.25) 
where (cr~ yy + icr~ 'Y )Fa72 represents K, + i K" if E = o. 
Substituting this into equation (3.25) gives the bimaterial SIFs KI+iKII in tenns of the 
opening and shearing modes: 
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KI + iKII = (K, + iKJlXI + 2i&{;/a r (3.26) 
Now consider the (;1 a) ;, component of equation (3.38). For a homogeneous crack 
(' );' &=0 and rl a =1 hence KI+iKII reduces to the homogeneous 
(' );' For the bimaterial case &..0. rl a may be expanded as follows: 
(r/a r = exp( (In(; la r) J = eXP(i&ln(; la)) 
= co{ & I{;I a)) + iSi~ &I{;I a)) 
hence: 
or in terms of(K, and KJI) 
K, and KJI SIFs. 
(3.27) 
(3.29) 
Hence KI contains real terms including both K, and K", similarly KIJ contains 
imaginary terms including both K, and KJI' Therefore the opening and shearing 
modes are inseparable for the bimaterial crack. In order to adopt the classical 
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definition of the bimaterial SIP, the equations describing the stress field solution 
(3.15) and (3.16) must be adjusted as follows: 
The Cartesian components of stress are be expressed as: 
cr p•q = I ( ) ~(KIf~q(E,6)+K1If~lq(E,6)). 2 cosh Elt v 2m' . (3.30) 
Where p,q refer to the polar co-ordinates and f~.q and f~~q are defined as follows: 
fl = e -,(.-9) COS~(3 + 2E sin 6 - 2 sin' ~) _ e-,(9-.) cos 36 
rr 2 2 2 
f" = e-,(·-9) sin~(-3 + 2Esin6 - 2COS'~) + e-,(9-.) sin 36 
rr 2 2 2 
£1 = e-,(·-9) COS~(I- 2Esin6 _ 2sin'~) + e-,(9-.) cos 36 
00 2 2 2 
i ll -,(.-9). 6 ( I 2 ''''2 ' 6) -,(9-.)· 36 =e sm- - - Esmo- cos - -e sm-
99 2 2 2 
f l -,(.-9). 6 (I 2 ." 2 ' 6) -,(0-.)· 36 rll =e sm- - Esmo- cos - -e sm-
2 2 2 
f~ = e-'(K-9) COS~(I + 2Esin6 _ 2sin' 6) _ e-,(O-K) cos 36 
2 2 2 
(3.3la) 
(3.31b) 
(3.3lc) 
(3.3 Id) 
(3.3 le) 
(3.3\f) 
The above analyses describe the general state of stress surrounding a crack tip. 
Substituting a value of zero for the bimaterial mismatch E results in equations 
describing the stress state for the homogeneous crack. Hence the above set of 
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equations are available for use throughout the work in this thesis for analysis of both 
the homogeneous and bimaterial crack. 
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3.4 Figures. 
Material I 
Crack 9 Interface 
Material 2 
Figure 3.1: Bimaterial crack tip geometry. 
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CHAPTER 4: 
AUTOMATIC PHOTOELASTIC DATA 
COLLECTION TECHNIQUE. 
This chapter describes the development of an automated method of photoelastic data 
collection system subsequently used throughout the project. Alternative methods of 
data collection available to date are reviewed and are found to be unsuitable for the 
requirements of this work. This new Load Stepping technique avoids the problems 
encountered by previous approaches and is rigorously assessed using two simple 
engineering problems. 
4.1 Introduction. 
An automatic full field photoelastic data collection technique should ideally satisfy 
the following requirements for it to be completely successful in the collection of 
useful photoelastic data. 
I. The isochromatic parameter should be measured in the range 0::; a. < OCJ • 
2. The isochromatic parameter should be calibrated without the need of an 
auxiliary source, such as a strain gauge or by ·spectral contents analysis. 
3. The isoclinic parameter should be measured in the range _~ < e ::; 1t . 
2 2 
4. The resulting phase maps should be free of noise. 
It is highly improbable however for all these requirements be completely satisfied. 
For example for point I, an acceptable measurable range of the isochromatic 
parameter would be from 0 to the yield strength of the material. In addition it is 
impossible to completely eliminate noise (point 4) from digital image processing, 
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however improvements on existing techniques are considered important. Points 2 and 
3 are requirements that are achievable. 
Presently the most suitable systems for the automatic collection of photoelastic data 
are considered to be that based on phase stepping, developed by Patterson and Wang 
(1991) and the method based on three wavelength photoelasticity proposed by 
Buckberry and Towers (\ 996). For reasons which will be discussed later in this 
chapter, these approaches have some inherent problems which make their use in the 
collection of photoelastic data for the purposes of this research unsuitable. The four 
requirements mentioned above are only partially met, and this provides the 
opportunity to develop an improved system. In order to explain these problems it is 
necessary to review both the phase stepping and three wavelength methods in detail. 
4.2 Phase Stepping Photo elasticity. 
4.2.1 Theory. 
Consider a circular polariscope consisting of a monochromatic light source, polariser, 
input and output quarter-wave plates and analyser Fig. 4.1. A photoelastic model is 
situated after the input quarter-wave plate and is viewed through the polariscope with 
input light of wavelength A.. The light intensity I" for a phase step s, at any point 
emerging from a circular polariscope used to examine the model assuming arbitrary 
orientations of the output quarter-wave plate and analyser, is given by: 
I, = Im + Iv( sin2(p - q,)cosa. - sin2(e - q,) cos 2(p - q,)sina.) 
where: 
Im = Background light intensity 
iv = Light intensity if all axes of the polariscope are crossed 
a. = isochromatic parameter or relative retardation for given wavelength A. 
e = Isoclinic angle with the x-axis 
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13 = Orientation of analyser with the x-axis 
cp = Orientation of output quarter-wave plate with the x-axis. 
I Output Q-W Plate cp Analyser 13 
(radians) (radians) 
1 3lt/4 nl2 
2 3lt/4 0 
3 3lt/4 lt/4 
4 It lt/2 
Four combinations of 13 and cp listed in the table above, when substituted into equation 
(4.1) produce four uniquely defined phase-stepped images of intensity values for each 
point given by equations (4.2) below. The phase steps described in the table are 
chosen as they reduce equation (4.1) to a set of four phase stepped equations from 
which the isoclinic and isochromatic parameters can be easily calculated. 
I, = Im + Ivcosa (4.2a) 
I,=Im-Ivcosa (4.2b) 
13 = Im - Iv sinasin29 (4.2c) 
14 = Im + Iv sinacos29 (4.2d) 
Expressions (4.2a) and (4.2b) are the intensity equations for the light-field and dark 
field set-ups of the circular polariscope respectively. Expressions (4.2a-4.2d) are 
combined to produce further identities relating to the intensity values, i.e.: 
Im = (I, + I,)/2 (4.3a) 
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ID, =(I,-lz)/2=lvcosa (4.3b) 
(4.3c) 
(4.3d) 
These enable the isoclinic angle and the isochromatic parameter to be found using: 
9 = .!. arctan( ID 2 ) 
2 ID) (4.4) 
a = arctan( ID z ) = arctan( ID) ) 
ID, sin29 ID, cos29 
(4.5) 
assuming the isoclinic angle is obtained before the isochromatic parameter. This is a 
two-quadrant arctan approach only. The isoclinic is described in the range 
-It I 4 < 9 $: It I 4, and the results produced for the isochromatic are ramped phase 
maps defined in the range -It 12 < a :0:; It I 2. This means that half of the full range of 
the isoclinic is given the wrong mathematical sign in equation (4.4). Furthermore, this 
error is carried through to the calculation of the isochromatic from equation (4.5). 
The isochromatic parameter may be unwrapped usmg conventional unwrapping 
techniques such as the DCT approach of Ghiglia and Romero (1994). However the 
absolute value of the resulting continuous phase map needs to be determined through 
use of an auxiliary technique, such as use of a strain gauge. 
4.2.2 Experimental Evaluation. 
Phase stepping photoelasticity was applied to two simple engmeenng problems, 
firstly the disc-in-compression test using a transmission polariscope and secondly to a 
square bar in torsion using a reflection polariscope. The two problems are chosen for 
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the following reasons. A disc-in-compression includes high and low stress regions, 
hence a broad range of a. and the full range of e is covered. A square bar in torsion is 
chosen as it is a convenient means of using reflection photoelasticity. 
4.2.2.1 Experimental Details. 
For each of the applications described above an image processing system was used to 
collect data from either a table-top Jessop-Leeeh circular transmission polariscope, or 
a Model 071 reflection polariscope. This consisted of a Hitaehi CCD camera, Data 
Translation frame-grabber, DAN Pentium PC, and Mathead proprietary software. A 
photograph of the equipment and the transmission polariscope is shown in Fig. 4.2. 
The illumination was provided by a sodium light-source of wavelength 589nm. The 
CCD camera is monochromatic with an array of768 by 512 pixels and can assign the 
grey shade to one of 256 levels (8-bit). However, it is known that electronic noise can 
adversely affect the signal quality up to the first three bits. All the images collected 
were cropped to 256 by 256 pixels. 
For the disc-in-compression tests a two-dimensional circular disc was loaded in 
diametral compression using an Instron test machine to a load of 50kg, Fig. 4.3. The 
test geometry was manufactured from a 6mm thick sheet of cast epoxy resin (CT-
1200) and was cut to a diameter of 42mm. 
For the square-bar-in-torsion tests, Fig. 4.4, a square bar (30mm x 30mm) was 
manufactured from steel, the length between the loading points was 300mm. A 
section of 2mm thick PS-1 B proprietary photoelastic coating was attached to one side 
of the bar with a silver back face to reflect the light. A Model 071 reflection 
polariscope was used to obtain the photoelastic fringe patterns. A nominal torque of 
400Nm was applied to the bar. 
For each test the four phase stepped images described in section 4.2.1 were gathered 
using the image processing equipment described above. For the disc-in-compression 
test, due to its symmetry, data required collection only over 114 of the disc, as shown 
by the shaded region in Fig. 4.3. The photoelastic parameters e and a. were calculated 
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using equations (4.4) and (4.5). A Mathead spreadsheet was used to perform the 
calculations on the computer. 
4.2.2.2 Results. 
Phase maps of 9 and a. for the disc-in-compression tests are shown in Fig. 4.5a and b. 
A discontinuity is seen in the value of the isoclinic just to the left of the loading point. 
This area is inside the white line drawn on the diagram. Here the isoclinic exceeds 1t/4 
and cannot be correctly defined due to the limited range of -1t 1 4 < e ~ It 1 4 hence the 
wrong mathematical sign is given to values in this region. This error is then carried 
through in the determination of the isochromatic and again a discontinuity, seen inside 
the white line, is observed in the same region to the left of the loading point. The 
isochromatic is wrapped, and correctly defined regions may be unwrapped using the 
DCT method of Ghiglia and Romero (1994). The absolute value of the phase map 
must then be determined using a secondary technique such as spectral contents 
analysis or by use of a strain gauge. 
Phase maps of 9 and a. for the square-bar-in-torsion tests are shown in Fig. 4.6a and b. 
From section 4.2.1 a number of limitations are known to exist for this procedure. 
Firstly, the isoclinic angle is calculated in the range -It 14 < e ~ It 14 using equation 
(4.4). The resulting phase map Fig. 4.6a appears to consist of light and dark regions 
identifying the isoclinic angle to be of the order of ±1t/4. A simple explanation for 
this can be given. The problem of the square-bar-in-torsion as illustrated in Fig. 4.4. 
should theoretically give an isoclinic angle of 1t/4 for every point in question. 
However, small experimental errors may add or subtract a small percentage from this 
angle. If these errors give rise to an increase in the isoclinic angle such that it is 
higher than 1t/4, then since the phase map contains wrapped values in the range 
-It 14 < e ~ It 14, these values will become 9--1t/4. 
Fig. 4.6b is the resulting phase map for the isochromatic parameter using equation 
(4.5). For this case the wrapped isoclinic Fig. 4.6a angle gives rise to the wrong 
mathematical sign for either cos29 or sin29 in the calculation of a., in some regions 
across the bar. Consequently the ramped phase map of a. contains some regions 
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affected by systematic nOise. It would be very difficult to apply an unwrappmg 
procedure to unwrap accurately the phase map shown in Fig. 4.6b. The phase map of 
IX also requires calibration from an additional technique such as strain gauge analysis 
or by spectral contents analysis to determine its absolute value. 
4.2.2.3 Conclusions from Phase Stepping Photoelasticity. 
There are two inherent problems associated with phase-stepping photoelasticity, if 
both the isochromatic parameter and isoclinic angle are to be found. These are 
described below. 
I) The unwrapped phase map for the isochromatics needs to be calibrated with a 
known value for a single point obtained by auxiliary means, for example by 
spectral contents analysis or use of a strain gauge. 
2) The restricted range of the isoclinic parameter, causes the resulting phase map 
for the isochromatic parameter to have regions of incorrect mathematical sign if 
values obtained for the isoclinic angle are outside the range -It / 4 < e :s; It / 4. 
Developments in the phase stepping approach have been made to solve these 
problems. Spectral contents analysis has been used by Cazaro et al (1994) in order to 
calibrate the unwrapped phase map of the isochromatic. Wang and Patterson (1995) 
have used demodulation and fuzzy set data in order to avoid the problems caused by 
the restricted range of the isoclinic. Despite these developments, solutions to the 
fundamental problems of a two quadrant arctan approach in the determination of the 
isoclinic, and the inability of the approach to determine absolute values of the 
resulting isochromatic have not been found. 
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4.3 Three Wavelength Photoelasticity. 
4.3.1 Determination of the Isochromatic Parameter. 
In continuing the approach of other authors such as Ajovalosit et al (1995a and b), 
Buckberry and Towers (1996) proposed an alternative approach to the extraction of 
the photoelastic parameters based" on the use of three different wavelengths of light to 
illuminate the specimen. In their approach a loaded specimen was placed in a crossed 
plane polariscope as shown in Fig. 4.1 but with the quarter wave plates removed. The 
equation governing the light intensity of each point is given by: 
I = ~(I + cos(2S)cos(2S') + sin(2S) sin(2S') cos( a)) 
2 
For a crossed and parallel polariscope this equation reduces to: 
Ipp = Io(1-sin2(2S)sin2(~)) 
(4.6) 
(4.7) 
(4.8) 
The polaroids are rotated together through a set angle for example 5°. At" each step the 
resulting image is recorded using a CCD camera. Each pixel in the field of view is 
compared with its predecessor, if it is larger in intensity this becomes the new stored 
value. For the crossed case the maximum at each pixel in the field of view is defined 
by: 
(4.9) 
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This process is repeated for the parallel plane polariscope, where the maximum at 
each pixel in the field of view is defined by: 
(4.10) 
where 10 is the total intensity transmitted by the polariscope. 
In order to determine a 2rc phase map, three different wavelengths of light are used to 
illuminate the specimen in the polariscope. The upper and lower wavelengths are used 
to create a mask and a square wave form is created by subtracting the two phase 
functions. The middle wavelength is calculated such that the +rc maximum in the 
phase map coincides with the sign change in the square wave function. Combination 
of the square wave form and the mid-wavelength triangular function produces a 
ramped phase map which may be unwrapped using an existing unwrapping algorithm 
such as the Discrete Cosine Transform (DCT) method of Ghiglia and Romero (1994). 
4.3.2 Determination of the Isoclinic Angle. 
Brown and Sullivan (1987) showed that for a plane polariscope used with 
monochromatic filters, the isoclinic angle e could be determined using the following 
approach. Standard phase stepping photoelasticity was applied, images being captured 
at angles of rotation of the crossed polaroids of 0, 22.5, 45 and 67.5 degrees. Equation 
(4.7) then reduces to: 
1 (I,p + 225 - Iep + 675) e = - arctan -"'-------""---
4 Icp+45-I,p 
(4.11) 
However this approach leads to regIOns of ambiguity in regIOns where the 
isochromatic is a multiple of 2rc. Therefore an alternative approach was proposed by 
Buckberry and Towers (1996) based on the observation that for a plane polariscope, 
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the dark isochromatic does not move when the polaroids are rotated. Phase stepping 
was performed using two monochromatic filters to view the specimen. The two phase 
maps collected were then compared. Each pixel was considered to be poor if in both 
phase maps it had low modulation. If the pixel was of low modulation in one phase 
map and satisfactory in the other then it was assumed to be satisfactory. The 
difference in modulation is assumed to be a result of the shift in isochromatic due to 
the shift in wavelength. 
4.3.3 Conclusions from Three Wavelength Photoelasticity. 
The approach is less problematic than that of the phase stepping method of Patterson 
and Wang (1991). The isochromatic can be determined independent of the isoclinic 
and the isoclinic is defined in the correct range. The reasons for not using this 
approach are that it is time consuming, requiring many images to be recorded in order 
to determine the photoelastic parameters. The approach is also limited to a maximum 
of 5 fringe orders. As with phase stepping the resulting phase map of the isochromatic 
requires calibration from an additional technique in order to determine its absolute 
value. 
4.4 Load Stepping Photo elasticity. 
A robust full-field automated photoelasticity system must consist of procedures which 
can resolve or avoid the problems associated with phase stepping and three 
wavelength photoelasticity. For application to the determination· of fracture 
parameters full field unambiguous isochromatics are required. Haake et al (1994) 
found that use of the phase stepping approach of Patterson and Wang (1991) restricted 
data collection in some regions surrounding the crack tip. Barone and Pasta (1995) 
found that use of the ROB method of Ajovalasit et al (l995b) limited the range of Cl. 
to three fringe orders. Both experimental analyses required calibration of the data 
from an additional technique. An improvement on automated photo elastic data 
collection techniques is required for application to SIF measurement. The following 
section describes the development of a new approach to the collection of full field 
data known as Load Stepping developed by Ekman and Nurse (l997a) (1998a and b). 
64 
Chapter 4· Automatic Photoelastjc pata Collection Technjque. 
This technique largely satisfies the four requirements of an ideal photoelastic system 
listed at the beginning of this chapter. 
4.4.1 Determination of the Isochromatic Parameter. 
For the purpose of the determination of SIFs which is the major use of the technique 
in this research, only the isochromatic parameter a. needs to be measured. Use of load 
stepping to determine this parameter will now be developed. Load stepping may also 
be employed to determine the isoclinic parameter using an extended methodology, 
and will be studied in the following section. 
The underlying weakness in the determination of isochromatics by phase stepping 
photoelasticity is the need to initially determine the isoclinic angle e, which is then 
used in the subsequent calculation of a.. The introduction of e in equations (4.2c) and 
(4.2d) caused by rotation of the output quarter-wave plate out of its initial crossed 
state, results in both isoclinic/isochromatic interaction and the need to determine e 
prior to a.. The isoclinic angle e cannot be defined over the complete range, hence 
regions of e are given the wrong mathematical sign. This error is then carried through 
in the calculation of a.. Wang and Patterson (1995) have shown for the examples they 
provided that demodulation and fuzzy set data can be used to overcome these 
weaknesses. However it is not shown conclusively that their approach can be applied 
in the general case. 
The initial thought behind the development of load stepping photoelasticity was the 
concept of determining a. without the introduction of e. Consider again a circular 
polariscope Fig. 4.1, with its elements arranged in the light and dark field 
configurations. Again consider a specimen placed between the input and output 
quarter wave plates, loaded at a nominal load P. Equation (4.1) reduces to the 
following for the light and dark field arrangements: 
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Light Field (4.12a) 
Dark Field (4.12b) 
This provides insufficient information in order to solve for a. However, an 
incremental change in the nominal load P by ± BP where BP is small compared with P 
results in a corresponding change in the isochromatic phase a by ± Ba. A linear 
relationship is assumed between BP and Ba. Equations (4.12) may be expressed in the 
form of equations (4.13). I) and 14 are due to a load step ofP+BP, Is and 16 are due 
to a load step of P-BP. 
Light Field (4.13a) 
Dark Field (4.13b) 
Light Field (4.13c) 
Dark Field (4. 13 d) 
Expressions (4. I 3a-4. 13d) may then be expanded using basic trigonometric identities: 
I) = Im + Iv{cosacosBa-sinasinBa) Light Field (4.14a) 
14 = Im -Iv{cosacosBa-sinasinBa) Dark Field (4.14b) 
Is = Im + Iv{cosacosBa + sinasinBa) Light Field (4.14c) 
I. = Im -Iv{cosacosBa+sinasinBa) Dark Field (4.14d) 
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Defining the following identities: 
Im=(I, +1,)/2 (4.1Sa) 
ID,' =lvcosa=(I,-I,)/2 (4.1Sb) 
ID,' =lvcosacosda=(13 -14 +1, -16)/4 (4.1Sc) 
ID/ = Iv sinasinoa = (I, -16 -13 +14)/4 (4.1Sd) 
enables oa to be found via: 
(4.16) 
From (4.16) the phase map for a may be represented by: 
oax P 
a= 
oP (4.17) 
This procedure is equivalent to the determination of the isochromatic value using light 
with a longer wavelength A", given by: 
(4.18) 
where A is the actual wavelength used. 
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The phase map for oa determined by expression (4.16) is expected to contain regions 
of noise when the modulation of ID,' is low due to low values of cosa. The eventual 
results for a, shown later in this chapter, calculated by expression (4.19) below are 
not affected by this, however regions oflow oa contain noise. 
The isochromatic parameter a is obtained by the following complex calculation: 
Z = ID,' tanoa + iID3' = Iv sinoa(cosa + i sina) (4.19) 
and 
a = arg(Z) (4.20) 
The above expression gives wrapped values of a in the range -1t ~ a < 1t. The value 
of sinoa is always positive for the range O~oa< 1t and therefore does not affect the 
value of a calculated using equation (4.20). The phase map of a may be unwrapped 
using conventional techniques such as the DCT method of Ghiglia and Romero 
(1994). This gives a continuous distribution providing that the retardation shift oa<1t. 
If this condition is violated the wrong mathematical sign is attributed to the 
calculation of a in equation (4.20) and the distribution becomes ambiguous. The 
value of the load increment OP is chosen to optimise the size of the region in which 
oa is defined unambiguously. 
Having determined the unwrapped phase distribution of a, absolute values for the 
phases must be obtained i.e. the distribution must be fixed in space on the vertical-
axis. This is achieved by comparison of a single point in the unwrapped phase map of 
a with its corresponding point in the oa map. From expression (4.17) it is possible to 
fix the a phase map with the value from the representation of a calculated from 
expression (4.17), avoiding the noisy regions where cosa is small. The final phase 
map of a will be unambiguous up to a limit given by: 
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(4.21) 
It can therefore be seen that reducing the load step oa will result in more of the phase 
map of a being unambiguous. In practice as opposed to using a single point from the 
oa phase map to determine the absolute values of a, comparison with a number of 
points using a least squares technique provides a more robust result. 
4.4.2 Determination of both the Isoclinic and Isochromatic Parameters. 
This section describes how the load stepping technique may be extended in order to 
obtain both the isochromatic and isoclinic parameters. This was developed in isolation 
from the main project objectives, but it is useful to show the full potential of load 
stepping as an automated photoelastic tool. A circular polariscope Fig. 4.1 is again 
used to examine a stressed photoelastic model with three incremental load steps P, 
P + oP and P - oP. It is assumed that the intensity value at each point in question is 
known for each of the phase-steps given in the table in section 4.2.1 and for each load 
step. The intensity identities calculable from the four phase-stepped images as defined 
in expressions (4.3b-4.3d) are now given in the following form, firstly for load P: 
ID" = I, cosa (4.22a) 
ID" = I, sinasin29 (4.22b) 
ID'3 = I, sinacos29 (4.22c) 
then for load P + oP : 
ID 2, = I, cos(a + oa) (4.23a) 
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ID" = Iv sin(a + oa)sin29 (4.23b) 
ID" = Iv sin(a + oa)cos29 (4.23c) 
and, finally, for load P - oP : 
(4.24a) 
ID32 = Iv sin(a - oa) sin29 (4.24b) 
ID" = Iv sin(a - oa)cos29 (4.24c) 
where oa is the appropriate shift in the isochromatic retardation linearly proportional 
to the load increment OP. Expressions (4.23a), and (4.24a) can be expanded using 
standard trigonometry formulae to give: 
ID" = Iv(cosacosoa - sinasinoa) (4.2Sa) 
ID31 = Iv(cosacosoa+ sinasinoa) (4.2Sb) 
This enables the incremental change in the isochromatic parameter to found using: 
{ ID +ID ) oa = arcco " 31 
2ID" 
(4.26) 
In the full-field sense this yields a phase map with values in the range 0 ~ oa < 1t . 
This is again equivalent to the determination of the isochromatic value for the load P 
using a longer (synthetic) wavelength of input light given by equation (4.18). 
Equation (4.26) can be used to determine a representation of a from equation (4.17) 
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As before, regions of noise are expected to occur in the phase map for 00. if the 
modulations of ID", ID", and ID'I are low due to small cosa 
Having found 00. from expression (4.26) the complex expression: 
(4.27) 
is formed where the right-hand side is equivalent to the expression '.(cosa + isina). 
This enables a to be found in the range -1t < a ::; 1t using the four-quadrant arctan 
function via the complex argument ofIZt, i.e.: 
0.= argIZI (4.28) 
The phase map for a is ramped and contains values of the correct mathematical sign 
providing the true value of 00.< 7t. Above this value the wrong mathematical sign is 
attributed to a from the calculation of sinoa in expression (4.27). It is, therefore, 
important to choose a small value of the load increment OP to reduce the possibility 
of highly stressed regions giving a value of 00. <: 1t. The ramped phase map of a can 
now be unwrapped as before using a reliable procedure such as the DCT method of 
Ghiglia and Romero (1994). 
Having unwrapped a the resulting phase distribution can be calibrated by adding the 
appropriate integer number of 21t radians to the a phase map. This can be achieved 
through comparison of a single point in the a phase map with the corresponding point 
in the 00. map as described in section 4.3.1. Again, in practice, comparison with a 
number of points using a least squares routine provides a robust result. The resulting 
calibrated a phase map will again be unambiguous up to a limit given by expression 
(4.21). Again it can be seen that more of the resulting phase map for a will be 
unambiguous if the incremental load step oP is made smaller. 
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The value of the isoclinic angle can now be obtained from: 
" I (IDn + iIDI2) I (ID" + iID22) I (ID" + iID32) ,,= -arg = -arg = -arg 
2 sina 2 sin(a + Ba) 2 sin(a - Ba) (4.29) 
where the denominator in either case is calculated from Ba and a . The most accurate 
value for e is assumed to be that calculated from expression (4.29) with the highest 
modulation due to either sina, sin(a+Ba), or sin(a-Ba) following a similar process to 
that of Buckberry and Towers (1996). The resulting isoclinic phase map does not need 
unwrapping and values are again accurate for regions in which the value of Ba is less 
than 1t. 
4.5 Experimental Assessment of Load Stepping Photoelasticity. 
4.5.1 Introduction. 
In order to evaluate the performance of the Load Stepping technique it was used in the 
collection of photoelastic data from the two simple engineering problems described in 
section 4.2.2, a disc-in-compression and a square-bar-in torsion. This section is split 
in to two parts, summarised as follows: 
First of all a thorough evaluation of the determination of the isochromatic parameter 
from a disc-in-compression test. was carried out. Then a demonstration of Load 
Stepping in its entirety for the determination of both photoelastic parameters for both 
problems was performed. 
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4.5.2 Determination of the Isochromatic Parameter from a Disc-in-Compression 
Test. 
In the first test the distribution of the isochromatic parameter along the horizontal and 
vertical axis of the disc was determined. The disc was loaded diametrically as shown 
in Fig. 4.3. A nominal load of 50kg and a load increment of 5kg (10%) was applied to 
the disc. The six load stepped images collected for this test are shown in Fig. 4.7. As 
with section 4.2.2.1 data was gathered from 114 of the disc. 
In the second test the distribution of the isochromatic parameter on tile horizontal and 
vertical axis was determined with a nominal load of 50kg and a load increment of 
2.5kg (5%). The smaller load step is used to demonstrate the flexibility of the load 
stepping technique when higher stresses such as those close to contact require 
investigation. 
The experimental details of the image processing equipment and the experimental 
apparatus used are the same as that described in section 4.2.2.1. 
Phase maps for 15a. and a. were determined for each test using the algorithm described 
in section 4.4.1, and subsequently a. was unwrapped using the DCT method of 
Ghigila and Romero (1994). The material fringe constant, used later in the theoretical 
calculation of the photoelastic parameters, was obtained using a calibration technique 
described later in section 6.5.2. 
4.5.2.1 Experimental Results. 
10% Load Step. 
Full-field phase maps of 15a. and a. for the first test (I5P / P = 10%), calculated using 
equations (4.16) and (4.20) respectively are shown in Figs. 4.8a and b. The phase 
map for 15a. contains regions of error, where cosa. is low. These regions are easily 
identifiable by the bright 'ripples' in Fig. 4.8a. The unwrapped phase map for a. 
produced using the DCT method is shown in Fig. 4.9. The results for a. become 
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ambiguous in a region close to the loading point as the value of oa > it and the true 
value of the isochromatic is greater than 5 fringe orders or 10 it. The boundary of this 
region can be identified in Figs. 4.8a and 4.9 by the white 'ring' around the loading 
point. 
Fig. 4.1 Oa shows the distribution of oa x PloP and wrapped a for the horizontal axis 
of the disc for a 10% (PloP = 10) load step. Visual inspection of these two plots shows 
the representation of wrapped. a by oa multiplied by PloP. The unwrapped 
distribution for a along the horizontal axis is shown plotted in Fig. 4. lOb. This is 
plotted along side a theoretical solution for the stress field in a disc-in-compression, 
provided by Muskhelishvili (1953) using the mathematical theory of elasticity. 
The principal stresses along the horizontal line of symmetry are given by: 
Pg 4PR( x' J er =-----
I itRt itt (R' + x'), 
Pg 4PR
3
( I J 
er, = itRt - --;t (R' + x'), 
(4.30) 
(4.31) 
where R is the radius of the disc and x is the horizontal distance from the centre of the 
disc as shown in Fig. 4.3a. 
The theoretical isochromatic value ath is obtained from: 
(4.32) 
where fa is the material fringe constant and t is the thickness of the disc. Comparison 
between the experimental and theoretical data Fig. 4.1 Ob is extremely favourable. 
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Fig. 4.lla shows the distribution of wrapped a and 80. x P/8P along the vertical axis 
of the disc, which extends from its centre to the upper loading point, for a 10% load 
step. Again inspection of the two plots shows the representation of wrapped a by 80. 
multiplied by P/8P. Figure 4.11 b shows the unwrapped value of a along the vertical 
axis of the disc again plotted against a theoretical solution provided by Muskhelishvili 
(1953), using the theory of elasticity: 
Pg 
(J, =--
nRt 
Pg 4PgR( I ) 
(J, = nRt - --;;t (R' _ y') 
(4.33) 
(4.34) 
The theoretical isochromatic is obtained from equation (4.32). Comparison between 
the experimental and theoretical results for the vertical axis of the disc, Fig. 4.11 b, is 
again extremely favourable up to the region of ambiguity. This region is close to 
contact within the white ring seen in Figs. 4.8a and 4.9, CL becomes ambiguous due to 
80. > n. 
5% Load Step. 
For the second test (8P I P = 5%) full-field phase maps of 80. and a calculated using 
equations (4.16) and (4.20) respectively are shown in Figs. 4.l2a and b. The 
unwrapped phase map for a produced using the DCT method is shown in Fig. 4.13. 
As with the 10% load step bright ripples are present on the phase map of 80. in 
regions of low cosa. 
Fig. 4.14a shows 80. x P/8P and wrapped a for the horizontal axis of the disc for a 5% 
load step. Fig 4.14b shows the experimental isochromatic along the horizontal axis 
plotted alongside the theoretical solution determined using equations (4.30) - (4.32). 
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For the horizontal axis of the disc the results are much the same as for the previous 
case with a 10% load step. Inspection of Fig. 4.14a shows a good representation of 
unwrapped a by oa multiplied by PloP and Fig. 4.14b shows excellent agreement 
between the experimental and theoretical data. The similarity in the result is to be 
expected for both 5% and 10% load steps used; the principal stress difference along 
the horizontal axis is sufficiently low such that oa remains less than It and a is 
unambiguous across the axis. 
For the vertical axis of the disc a difference is observed between the two sets of 
results. Firstly Figs 4.12a and 4.13 do not contain the clearly defined bright ring close 
to contact as seen in Figs. 4.8a and 4.9. The reduction in the load step results in oa 
remaining less than It over a greater range, hence a is defined unambiguously over a 
greater range.' The bright ring of data marking the points at which a becomes 
ambiguous is closer to the loading point and cannot be seen in Figs 4.12a and 4.13. 
The point at which a becomes ambiguous may be observed, however, on the plot of 
data shown in Figs 4.15b. 
Fig. 4.15a shows the distribution of oa x PloP and wrapped alpha along the vertical 
axis of the disc for a 5% load step (PloP = 20). Fig. 4.15b shows experimental and 
theoretical values of a, the theoretical values being calculated using equations (4.32) -
(4.34). 
Comparisons between experiment and theory for unwrapped a along the vertical axis 
shown in are again favourable except for the very high retardations given by the 
contact stress field close to the loading point. However as shown in Figs 4.12a and 
4.13 the region of unambiguous a covers a greater range than for the 10% load step 
case. 
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Summary of the above Results. 
I) Along the horizontal axis 90% of the experimental isochromatic values were within 
5% of the theoretical solution. 
2) The vertical axis extends from the centre of the disc to the loading points. For the 
5% load step, along the first section of this axis 60% of the experimental isochromatic 
values were within 5% of the theoretical solution. Close to the point of load 
application there are plasticity and three-dimensional effects influencing the 
experimental data. It cannot be expected that the theoretical solution used would be 
accurate in this region of the disc. Though the technique used could measure up to 10 
fringe orders with a 5% load step, it is not known how accurate the upper values of 
the isochromatics measured are as they occur close to the load point(s). 
4.5.3 Determination of the Isoclinic and Isochromatic Parameters. 
Here the Load stepping technique is applied in its entirety to determine both the 
isochromatic and isoclinic parameters for the disc-in-compression and the square-bar-
in-torsion. The experimental details have been described in section 4.2.2.1. 
4.5.3.1 Disc-in-Compression Tests. 
An average compressive load of P = 50kg was applied to the disc and load increments 
of ±8P / P = 10% and ±8P / P = 5% were investigated. Four phase-stepped images 
comprising full-field views of the disc were collected for each of the three load steps 
in each load step percentage case. In order to show the full range of isoclinics and 
their clarity, data was gathered for the whole disc. Results for the isochromatic and 
isoclinic values were determined using the procedure described in section 4.4.2. The 
phase maps for a were unwrapped using the DCT method of Ghiglia and Romero 
(1994). A corresponding theoretical solution was obtained for comparison and this 
was developed using the analytical approach of Muskhelishvili (1953). 
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4.5.3.2 Results from the Disc-in-Compression-Tests. 
Resultsfor OP / P = 10% 
Full-field phase maps of oa and wrapped a for OP / P = \0% calculated using the 
procedure described in section 4.4.2 are shown in Figs. 4.16a and b. The phase map 
for Ba again contains regions of error (as shown previously in Fig. 4.8a), where cosa 
is small, that are easily identifiable by the bright 'ripples' observable in Fig. 4.16a. 
The unwrapped phase map for a is shown in Fig. 4.16c. The results for a become 
ambiguous close to the loading point beyond a,;,,;, = lOlt or 5 fringe orders as 
identified in the figure. The phase map for the isoclinic angle calculated using 
equation (4.30) is shown in Fig. 4.16d, this also contains some inaccurate, 
discontinuous results close to the loading points. The ambiguous and discontinuous 
results are again due to Ba > It. 
Results for oP / P = 5% 
As shown previously the problem of ambiguous a in the high stress region close to 
the loading points may be reduced by the use of a smaller load step. Using 
BP / P = 5% permits unambiguous results for the isochromatic parameter up to 20lt, or 
10 fringe orders, to be obtained. 
Calibrated phase and contour maps for a are shown in Fig. 4.17a and b. Fig. 4.17c· 
shows a contour map for the theoretical solution for the isochromatic parameter 
determined using the analytical approach of Muskhelishvili (1953). Similarly, 
experimental isoclinic phase and contour maps, and a contour map for theoretical 
solution are shown in Figs. 4.17d-f. Very good agreement between the experimental 
and theoretical contour maps for both parameters is observed, thereby demonstrating 
the practicability and accuracy of the load stepping procedure. For the 5% load step 
case no discontinuity is observed in the isoclinic phase map. Since such a fine load 
increment has been used in this case it is not possible to discern any results for the 
isochromatic parameter that are ambiguous. Graphical representation along the 
vertical axis of the disc reveals the point at which a becomes ambiguous as shown in 
78 
Chapter 4" Automatic Photociastjc Data Collection Technique 
Figs. 4.11 and 4.15. It should be possible, though, to apply an even smaller load step 
if it was deemed necessary. 
4.5.3.3 Square-Bar-in-Torsion Test. 
The experimental apparatus and image processing equipment were again the same as 
those described in section 4.2.2.1. A nominal torque of 400Nm and a load step of ± 
12.5% was applied to the bar. Four phase-stepped images comprising full-field views 
of the bar were collected for each of the three load steps in each case. As described in 
section 4.2.2.1 reflection photoelasticity was used to examine this problem, hence 
displaying the practicability ofload stepping in this application. 
4.5.3.4 Results from the Square-Bar-in-Torsion Tests. 
The calibrated isochromatic phase map is shown in Fig. 4.l8a and the isoclinic phase 
map is shown in Fig. 4.18b. The former shows that an isochromatic of zero fringe 
order appears at the free surface as expected and that the isochromatic fringe order is 
a maximum at the centre. The isoclinic angle is approximately constant at about 1t/4 
giving a uniform shade of grey appearance to the phase map in Fig. 4.18b. 
Consideration of the square-bar-in-torsion problem validates the results for the 
isoclinic angle. The results presented show an obvious improvement to those obtained 
for the same experiment employing phase stepping as shown by comparing Figs. 4.6 
and4.l8. 
4.5.4 Load Stepping Error Analysis. 
It is important so assess the effect of errors inherent in the load stepping method. It 
has already been shown that if oa. exceeds 1t then the resulting phase maps of the 
isochromatic and isoclinic parameters become ambiguous. This however is simply 
dealt with by the choice of an appropriate load step for the geometry and loading 
conditions under investigation. Discrepancies between experiment and theory are also 
expected in high stress regions, such as the load contact points in the disc-in-
compression tests described previously. However these are largely due to the linear 
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elastic theory being unable to describe the effect of three dimensional stresses, 
plasticity and finite displacements present in such regions as opposed to a fault in the 
load stepping procedure. Finite displacement of either the CCD camera or the model 
during the image grabbing procedure also introduces errors. However such an event is 
so obvious in the resulting phase map of 00., that it is not necessary to show this result 
here. 
Application of precise loading is perhaps the most obvious and important error to 
consider in the load stepping approach. In order to asses the effect of inaccuracies in 
the load steps, a series of experiments was conducted where deliberate errors were 
introduced into the load steps. 
4.5.4.1 Experimental Details. 
As previously, a standard disc-in-compression test shown in Fig 4.3 was used along 
with the experimental apparatus described in section 4.2.2.1 The following series of 
six experiments was conducted in order to cover a broad range of load steps and 
introduced errors. The results were compared to tests with no deliberately introduce 
errors. In the experiments only isochromatics are considered, firstly because for the 
purposes of this project only isochromatics are required and secondly 00. is required 
in the determination of the isoclinics, hence any error in the isochromatic is 
transferred to the isoclinic. 
For a 20% load step use: 
39kg 
50kg Creating a 10% error in the load step. 
60kg 
39.5kg 
50kg Creating a 5% error in the load step. 
60kg 
For a 10% load step use: 
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44.5kg 
50kg Creating a 10% error in the load step. 
55kg 
44.7kg 
50kg Creating a 6% error in the load step. 
55kg 
For a 5% load step use: 
47.2 kg 
50 kg Creating a 12% error in the load step. 
52.5 kg 
47.4kg 
50kg Creating a 4% error in the load step. 
52.5kg 
4.5.4.2 Results of the error analysis. 
Fig. 4.19a and b to 4.27a and b shows the results of the tests described above. For 
each test performed, plots of the experimental and theoretical isochromatic are shown 
for the horizontal and vertical axes of the disc. The theoretical solution was taken 
from equations (4.31 - 4.35) of Muskhelishvili (1953). Having generated such plots 
the case for each nominal load where no error was introduced was studied. From 
inspection of the plots a suitable multiplication factor was introduced so as to match 
the experimental plot to the theoretical plot. This multiplication factor was then 
applied to the experimental plots for the tests for which errors were introduced into 
the load steps, hence for such tests any discrepancy between theoretical and (adjusted) 
experimental plots is a results of the introduced errors. 
The results show convincingly that the load stepping procedure is robust with regard 
to small load step errors. Without going into a detailed discussion of each plot, Figs 
4.19 - 4.28 show little discrepancy between results obtained with no load step error 
and those obtained following the introduction of an error. 
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4.6 Discussion. 
It is important to address two additional issues, to errors in the load step, that may 
cause erroneous values to be assigned to the isochromatic parameter through the use 
of this load-stepping algorithm. These are: (a) the phase increments at each point 
between load steps may exceed n radians; and (b) the loads applied to the model may 
sufficiently distort the model such that the problem of correlating images from 
incremental loads may be more complex than appreciated. 
Since the upper limit for u for a given load increment is given by U limil = n(P I BP) it 
is possible to calculate that a load increment of 2.5% gives an upper limit of 
U limil = 40n or 20 fringe orders. This is far beyond the elastic limit of the modern 
epoxy resins used for 'live' photoelastic tests often quoted as a value between 10 and 
14. Therefore, a load increment of between 5 and 2.5% should suffice for the 
majority of photoelastic analyses. However use of a large load step can lead to 
ambiguity as seen in high stress region. 
During the development of the load stepping approach, Ng (\ 997) has independantly 
developed a similar object load stepping approach to determine the photoelastic 
parameters. In his work it is mentioned that phase increments having a value or n or 
less must be obtained between the load steps, otherwise the processing algorithm 
employed in both his technique and the technique described in this chapter will give 
output errors. This is manifested in equation (4.16) where use of the arccos function 
limits the range to O:;;Bu<n, as mentioned previously. Similar problems would be 
encountered if three wavelengths were used instead of three loads. 
To consider the problem of the model displacing under load, reference is made to the 
disc-in-compression specimen, used throughout this chapter. Whilst not proving 
explicitly, it can be demonstrated through use of these two examples that the effect of 
model displacement is minimal if care is exercised in the implementation of the load-
stepping technique. Fundamentally, the CCD camera collects data using a matrix of 
rectangular pixels. Between one load step and the next, the area on the model surface 
as viewed by the each pixel will distort from its original rectangular shape into a 
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quadrilateral and be displaced from its centre. It is considered a reasonable premise 
that this effect can be ignored if, between the load steps, the displacements produced 
are such that the old area and new area overlap to within a small percentage 
difference. 
The first, the disc-in-compression test, is an example where in a general sense the 
largest displacements in the model coincide with the locality of the highest fringe 
orders, i.e. close to the point of load application. In the following the vertical 
displacements will be calculated from theory to identify the level in which the 
displacements distort the area of data collection from the previous load step for a pixel 
close to the point where the load is applied. 
The vertical component of displacement v on the vertical axis of the disc in 
compression, obtained by Muskhelishvili (1953) assuming plane-strain elastic 
conditions, is given by: 
v = 2P(1 +v) ((1- v)ln(R -y) +~(1-2v)1 
nEt R+y 2R ) (4.35) 
where y is the height from the disc centre to the point of load application, Fig. 4.3, E 
is the Young's modulus, v is Poisson's ratio, R is the disc radius, t is the thickness, 
and P is the compressive load. In· this case we only need to consider the value of the 
load increment OP instead of the total load. Given that expression (4.35) predicts the 
maximum displacement of the model to be singular at y=d/2 it would be more 
appropriate to consider the displacement of the model a finite distance away. A 
reasonable compromise is to obtain the value of the displacement where the stresses 
reach the yield strength for the epoxy resin (approximately 45Mpa). Assuming the 
Tresca criterion for yielding, this occurs at about y=0.995( d/2). Using typical 
material data for the epoxy (E = 2.92 GPa, U = 0.4), the value of displacement 
calculated for the case illustrated in Figs. 4.12 and 4.13 is found to be of the order ofv 
= 0.0035mm. A height dimension for each pixel in Fig. 4.12 is about 0.06mm per 
pixel. Consequently, at areas close to load application where the material is just 
83 
Chapter 4' Automatic Photoelastjc Data Collection Technjque. 
yielding the area of each pixel as mapped onto the model surface displaces about 60 
parts in every thousand between load steps. This is small enough to consider the 
possibility of errors induced by finite displacements in this particular case to be 
negligible. 
Though the possibility exists of model displacements interfering with the process of 
collecting data from the same site, this can be reduced by using the smallest 
permissible load step between loads. If care is exercised to ensure that small load 
steps are applied accurately then increments of less than 5% are permissible. It is 
perhaps obvious to state that the use of three wavelengths instead would remove the 
problem altogether. 
4.7 Conclusions. 
A robust technique for the automated collection of both photoelastic parameters has 
been described and demonstrated. The technique, known as Load Stepping, is based 
on and is a development of both the phase stepping technique of Patterson and Wang 
(1991) and the three wavelength method of Buckberry and Towers (1996). The main 
conclusions regarding the success of the technique are as follows: 
1) The Load Stepping technique allows the isochromatic parameter to be determined 
without the problem of isochromatic-isoclinic interaction inherent in other phase 
stepping procedures. 
2) The isochromatic parameter can be determined to a very high accuracy up to a limit 
determined by the incremental load step used. There is no need for use of an auxiliary 
technique to calibrate the phase map of the isochromatic parameter. 
3) It is possible to obtain experimental results for the isoclinic angle in the correct 
1t 1t 
range - - < 9 $ - . 
2 2 
4) The capabilities of load stepping photoelasticity have been demonstrated usmg 
both a transmission and reflection polariscope. 
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5) The ideal requirements of an automatic photoelastic technique stated at the start of 
this chapter have all been met. 
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fa.st 
aJ'iS 
Figure 4.1: Schematic diagram of a circular polariscope. 
Figure 4.2: Photograph of the polariscope and image processing equipment. 
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Data collection 
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Load P 
(a) 
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(c) 
Load P 
Load P 
(b) 
Figure 4.3: Disc-in-compression test. a) Schematic diagram showing data collection 
regions, b) Diagram showing the loading configuration, c) Photograph of a typical 
specimen positioned in the test machine. 
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Figure 4.4: Square bar in torsion test. a) Schematic diagram, b) Photograph of bar. 
(a) (b) 
Figure 4.5: Transmission isochromatic and isoclinic results for the disc-in-
compression test using conventional phase stepping (P = 50kg, OP / P = 10%). a) {) 
phase map (black = -1t/4, white = 1t/4), b) a phase map (black = 0, white = 1t). 
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. (a) (b) 
Figure 4.6: Reflection isochromatic and isoclinic for the square bar in torsion test 
using conventional phase stepping (T = 400Nm). a) Wrapped e phase map (black = -
1t/4, white = 1l/4, b) Wrapped a phase map (black = -1t/2, white = 1t/2). 
(a) (b) (c) 
(d) (e) (t) 
Figure 4.7: Sample set of load stepped imaged for a disc in compression. a,b,c) Light 
Field P-8P, P P+8P, d,e,t) Dark Field P-8P, P P+8P. 
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(a) (b) 
Figure 4.8: Experimental results for the disc-in-compression test using the load 
stepping method (P = 50kg, <lPIP = 10%). a) <la phase map (black = 0, white = 11), b) 
Wrapped a phase map (black = -11 , white = 11). 
Figure 4.9: Experimental results for the disc-in-compression test using the load 
stepping method (P = 50kg, <lPIP = 10%). Unwrapped a phase map (black = 0, white 
= 1011). 
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Figure 4.10: Graph of experimental results plotted for the horizontal axis of the disc 
for comparison with theory (P = 50kg, 1)PIP = 10%). a) 101)u and wrapped u, b) 
Unwrapped u and theoretical solution. 
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Figure 4.11: Graph of experimental results plotted for the vertical axis of the disc for 
comparison with theory (P = 50kg, 8PIP = 10%). a) 108a and wrapped a, b) 
Unwrapped a and theoretical solution. 
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(a) (b) 
Figure 4.12: Experimental results for the disc-in-compression test using the load 
stepping method (P = 50kg, 8P/P = 5%). a) 8a phase map (black = 0, white = 11), b) 
Wrapped a phase map (black = -11, white = 11). 
Figure 4.13: Experimental results for the disc-in-compression test using the load 
stepping method (P = 50kg, 8PIP = 5%), Unwrapped a phase map (black = 0, white = 
2011). 
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Figure 4.14: Graph of experimental results plotted for the horizontal axis of the disc 
for comparison with theory (P = 50kg, oPIP = 5%). a) 200u and wrapped u, b) 
Unwrapped u and theoretical solution. 
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Figure 4.15: Graph of experimental results plotted for the vertical axis of the disc for 
comparison with theory (P = 50kg, oP/P = 5%). a) 200a and wrapped a, b) 
Unwrapped a and theoretical solution. 
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(a) (b) 
(c) (d) 
Figure 4.16: Transmission isochromatic and isoclinic results for the disc-in-
compression test using load stepping (P = 50kg, OP 1 P = 10%). a) oa phase map 
(black = 0, white = 11), b) Wrapped a phase map (black = -11, white = 11), c) Calibrated 
a phase map (black = 0, white = 1011), d) Absolute e phase map (black = -11/2, white 
= 11/2). 
96 
Chapter 4' Automatic Photoelastic Data Collection Technique 
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Figure 4.17: Transmission isochromatic and isoclinic results for the disc-in-
compression test using load stepping (P = 50kg, liP I P =5%). a) Experimental a. 
phase map (black = 0, white = 201l), b) Experimental a. contour map, c) Theoretical a. 
contour map using the solution of Muskhelishvili (1953), d) Experimental e phase 
map (black = -1l/2, white = 1l/2), e) Experimental e contour map, f) Theoretical e 
contour map using the solution ofMuskhelishvili (1953) . 
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Figure 4.18: Reflection isochromatic and isoclinic results for the square-bar-in-torsion 
test using load stepping (T=400Nm, liT I T=12.5%). a) Calibrated a. phase map 
(black = 0, white = 81l), b) Absolute e phase map (black = ~1l/2, white = 1l12). 
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Figure 4.19: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 20% Load Step - No load step error. 
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Figure 4.20: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 20% Load Step - 10% Load step error. 
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Figure 4.21: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 20% Load Step - 5% Load step error. 
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Figure 4.22: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 10% Load Step - No load step error. 
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Figure 4.23: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 10% Load Step - 10% Load step error. 
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Figure 4.24: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 10% Load Step - 6% Load step error. 
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Figure 4.25: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 5% Load Step - No load step error. 
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Horizontal Axis of Disc 
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Figure 4.26: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 5% Load Step - 12% Load step error. 
105 
Chapter 4' Automatic Photoelastic Data Collection Technique. 
Horizontal Axis of Disc 
15r----------,----------,----------,----------, 
5 
. . 
0 
0 
40 
. 
. 
. 
. . . 
50 100 
Pixel 
Experimental Isochromatic 
Theoretical Isochromatic 
(a) 
Vertical Axis of Disc 
• 
• 
... 
150 200 
OL---------~---------L--------~--------~ 
o 50 100 
Pixel 
Experimental Isochromatic 
Theoretical Isochromatic 
(b) 
150 200 
Figure 4.27: Experimental and theoretical isochromatics for a) Horizontal and b) 
Vertical axis of the disc. Load = 50kg 5% Load Step· 4% Load step error. 
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CHAPTERS: 
DETERMINATION OF STRESS INTENSITY 
FACTORS (SIFs) USING PHOTOELASTICITY. 
This chapter details the relevant theory in the literature showing the development of 
the determination of SIFs from isochromatic data. It then shows how SIFs may be 
determined by using a combination of the stress field solution to the bimaterial crack 
given in Chapter 3, the fully automated data collected using the algorithm described 
in Chapter 4 and a weighted data approach. Two experiments are then described 
which show how the technique performs in determining SIFs for two homogeneous 
crack geometries. The two geometies studied were a three-point-bend test, and an 
angled edge crack in a flat plate loaded in remote tension. The results obtained are 
compared with known theoretical solutions. 
5.1 Introduction. 
As described earlier, fracture mechanics and the determination of the crack tip SIFs 
are important in the prediction of the probable failure load of a particular component. 
There have been many developments towards the determination of the SIFs for two 
dimensional problems using the information contained in the isochromatic fringe 
pattern surrounding a crack tip. The majority, if not all, of the approaches relate the 
isochromatic fringe pattern to a suitable stress field solution by the following analysis. 
Photoelasticity allows the measurement of the principal stress difference (cr, - cr 2)' 
which is proportional to the fringe order N. The principal stress difference may be 
used to describe the state of maximum shear: 
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(cri -cr 2 ) 
T = rn,,, 2 (5.1) 
This is then be related to the isochromatic fringe order by stress optic law: 
T = (Nfo ) 
max 2t (5.2) 
Where N is the fringe order, f. is the material fringe constant (a material property) 
and t is the material thickness. (Note that a. = 2 itN ). 
From Mohr's circle of stress this can be described in terms of the in-plane stress 
components surrounding the crack tip as follows: 
't"max = (5.3) 
The development of SIF determination procedures from use of a single data point, to 
the multiple data point procedure used extensively in this thesis will now be 
summarised. 
5.2 Irwin's Two Parameter Method of Analysis arid Related 
Research. 
Irwin (J 958) was the first to demonstrate the determination of mode 1 SIFs using 
photoelasticity. This was achieved from studying the isochromatic fringe loop at the 
crack tip. The in-plane stress field solution to the homogeneous crack geometry, Fig. 
5.1, was described as follows: 
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K, 9( . 9 . 39) er". = r,;--cos- I+stn-stn-
'o/2m 2 2 2 
(S.4a) 
K, 9 (I . 9 . 39) er =--cos- -Stn-stn--er 
n .J2 m 2 2 2 0, (S.4b) 
(S.4c) 
Equations (S.3) and (S.4) may be combined to give: 
(S.S) 
Irwin (19S8) observed that at the distal position, or apex, of the fringe loop where the 
co-ordinates r,9 are equal to rm and 9m, Fig. S.2, the rate of change of maximum 
shear with respect to the angle of rotation is equal to zero: 
Or""", =0 
a9 (S.6) 
Differentiation of equation (S.S) and substitution of (S.6) provides the following 
expressions for K, and er 0, , which can be solved using a single point at co-ordinates 
r m ,9 m in the isochromatic field: 
2, ~ 2tan-m- 2 2-2 
K, = ""","""'m 1+ 2 1+ 
[ 
39 1 ' 
sin9 m 3tan9m ( (3tan9J) 
(S.7) 
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, 
= 2tan9 m ( (3tan9m)')-' 0"., 39 1+ 2 
cos-m-
(5.8) 
2 
The two parameter method of Irwin (1958) was developed by other authors e.g. 
Bradley and Kobayashi (1970) and Schroedl and Smith (\973). For isochromatic 
fields comprising only one fringe loop the approach of Bradley and Kobayashi (1970) 
is identical to that ofIrwin (1958). 
Schroedl and Smith (1973) measured the fringe order for two points along a line 
defined by 9 = 90° in their determination of SIFs. Equation (5.5) may be simplified 
and rearranged: 
( )' K,' K,O"., 2Lmax =--2 + r;.,- +aox 2m 'l/2m 
(5.9a) 
(5.9b) 
Equation (5.9b) is simplified by neglecting 0".,2 with respect to 8't""", 2, K, is then 
calculated by using the two data points gathered. 
5.3 Multi-Parameter Methods for Determination of SIFs. 
5.3.1 Determination of Mode 1 SIFs using a Three Parameter Method. 
Etheridge and Dally (\ 978) determined mode I SIFs usmg a three parameter 
approach. The two parameters of K, and 0"., proposed by Irwin (1958) remain and a 
third parameter P is introduced. The third parameter is a fitting coefficient used to 
take into account variations in the stress field at distances removed from the crack tip. 
This approach improved the accuracy of the SIF determination technique to 1%. 
110 
Chapter 5' Detennination of SIFs using Photoelastcjty 
5.3.2 Determination of Mixed-Mode SIFs. 
The first known attempt to detennine mixed-mode SIFs using photoelasticity was 
reported by Smith and Smith (1972). Mixed-mode SIFs were detennined using an 
approach similar to that of Irwin (19S8). The equations of Irwin (19S8) may be 
expanded using several analysis e.g. Irwin (19S8) Paris and Sih (1964) or 
Westergaard (1939) to give the stress field solution in tenns of both the opening -
mode I, and the sliding or shearing mode 2 SIFs: 
9 
cos- ( ) ( 2 .9.39 I 9.939 
a yy =K, = I+sm-sm- +K" ~ cos-sm-cos-) 
'/27tr 2 2 '/27tr 2 2 2 
(S.IOa) 
9 . 9 
cos"2 ( . 9 . 39)· sm"2 ( 9 39) 
a = K -- 1- sm-sm- - K -- 2 + cos-cos- - a 
xx , .J27tr 2 2 " .J27tr 2 2 Ox 
(S.lOb) 
9 9 
cos"2 (. 9 39) cos"2 ( . 9 . 39) 
't =K -- sm-cos- +K -- I-sm-sm-
xy , .J27tr 2 2 " .J27tr 2 2 
(S.IOc) 
Substitution of equations (S.IO) into equation (S.3) gave the following relationship 
between 't max' K, and K,,: 
(S.lI) 
It was noted that the isochromatic fringe loops for the mixed-mode case were similar 
to those of the mode 1 case except that the pattern was symmetrical about a line at 
some angle 9,p to the crack plane, Fig. S.3. The line defined by 9 = 9,p is a line 
along which the maximum shear stress 't max has a maximum value. 9,p was found by 
differentiation using equation (S.6) and (S.II) 
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( )' ( ) KII 4 KII I - +- - cot28 --=0 K 3 K 'P 3 , , (5.12) 
Hence the ratio between K, and KII may be found from measurement of 8'P' Data 
points from successively smaller fringe loops were used to solve equation (5.11) 
which along with equation (5.12) led to determination of the SIFs by extrapolating 
across the near tip zone. 
Gdoutos and Theocaris (1978) also determined mixed-mode SIFs from isochromatic 
data. Combination of equations (5.2), (5.3) and (5.10) provide a relationship between 
the fringe order and the SIFs i.e. an N-K relationship. In this analysis the far field 
stress (J Ox was omitted from the N-K relationship as a simplification such that only 
two points from the isochromatic pattern were required to solve the two simultaneous 
equations for K, and K II . 
As with other authors Gdoutos and Theocaris (1978) point out that data must be 
collected from close to the crack tip, from the so called singular zone. Outside this 
region the stress field equations are not valid. They also acknowledge that data 
collected from close to the crack tip is prone to inaccuracies and errors due to slit-tip 
radius, stress singularity, triaxiality of stress field and deviation. To overcome these 
problems data was taken from regions distant from the crack tip and translated close 
to it by a suitable extrapolation law. 
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5.3.3 Determination of SIFs from Linear Zone Data using the Method of 
Schroedl and Smith (1975). 
The stress field solution used to describe the state of stress in the majority of research 
works holds true only for the so called linear zone surrounding the crack tip. Close to 
the crack tip data is subjected to the effects described in the previous paragraph, 
particularly the effects of plasticity and three dimensional stresses. At regions distant 
from the crack tip the stress field is affected by far field effects and hence cannot be 
represented by the linear stress field solution. 
Schroedl and Smith (1975) showed how to determine mode I SIF using linear zone 
data. The approach may be summarised as follows. As shown in equations (5.4) the 
generalised solution to the stress field surrounding a crack tip takes the form: 
(5.13) 
Substitution into equation (5.5) leads to: 
'mu = f(r,e,K,) (5.14) 
The maximum shear along a line perpendicular to the direction of the crack may be 
determined by: 
K, 
'm" = .J8m where K, is the apparent SIF, K APP (5.15) 
A graph of KAPP versus ..rr for photoelastic data collected along a line perpendicular 
to the direction of the crack may be used to determine SIFs by extrapolation from data 
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within the linear zone. An example of such a graph is shown in Fig. 5.4, zone I is the 
near tip zone, zone 2 is the linear zone and zone 3 is the far field zone. 
5.4 Sanford and Dally's General Method for Determining Mixed-
Mode SIFs from Isochromatic Data. 
5.4.1 Introduction. 
In a review of the various approaches to the determination of SIFs usmg 
photoelasticity, Dally and Sanford (1978) highlighted several problems which are 
listed in the literature review. This prompted the same authors Sanford and Dally 
(1979) to developed a general method for determining mixed-mode SIFs from 
isochromatic fringes near a crack tip. This is the method used extensively in the 
determination of SIFs reported in this thesis and will be reviewed in detail. Equations 
(5.3), (5.4) and (5.10 ) were combined to form the following N-K relationship: 
(N:u r = 2~ ((KI sine + 2KII cose)' + (KII sine)') 
+ 5~:~ sin ~ (K, sine(1 + 2cose) + KII(I + 2cos' e + cos e)) + O"ox' 
(5.16) 
In their work Sanford and Dally (1979) showed how the above equation could be 
solved by a Selected Line Approach (Two Points) a Classical Approach (Two Points) 
a Deterministic Approach (Three points) and an Over Deterministic Approach 
(Multiple Points). The latter, multiple point approach was the authors recommended 
approach and is the one adopted for the application of full field automatic photoelastic 
data in this research work. 
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5.4.2 The Multiple Point Over Deterministic Method (MPODM). 
Previous methods of analysing isochromatic fringe patterns in order to determine SIFs 
have used only one or two points from the available fringe pattern. The three 
parameter method of Sanford and Dally (1979) required three points from the 
isochromatic fringe pattern in order to create a set of three simultaneous equations in 
the form of equation (5.16) which may be solved using a Newton-Raphson iteration 
technique. This method converges rapidly, only a few iterations are required to give a 
reasonably accurate solution for the SIFs. 
In order to use many data points from a full field isochromatic fringe pattern, i.e. 
greater than 3, a fitting process was developed which combined a least squares 
minimisation technique and a Newton-Raphson iteration technique. The approach is 
detailed below. Beginning with the Newton-Raphson iteration, consider an arbitrary 
function in the form: 
(5.17) 
Where i =1,2,3, ..... n, and n is the number of data points used and is greater than 3. 
If initial values are substituted for the unknowns K1,KIJ and 00, the equation will 
not be satisfied if the initial estimates are in error. To correct the estimates a series of 
iterative equations based on a Taylor expansion of h; are written as: 
(5.18) 
Where j is equal to the jth iteration step and ~KI' ~KII and ~o 0, are corrections to 
the previous estimates. The corrections are determined such that (h;) j+1 = 0 and thus 
equation (5.18) gives: 
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( Oh) ( oh ) ( oh. ) ( ) --' ~K, + --' ~KII + --'- ~crox = - hi j oK,. oK 11 . ocr Ox . 
J J J 
(S.19) 
The N-K relationship can be expressed in a suitable fonn to be used with a Newton-
Raphson iteration thus: 
g.(K1,KII,crox)=(N,fo)' __ I_((K, sinSi +2KII coss i)' +(KII sinSi)') t 2mi 
+ ~ sin(; )(KI sinSi(1 + 2cosS i) + KII(I + 2 cos' Si + cosS i)) (S.20) 
Considering the above function gi equation (S.20), the Taylor series expansion of gi 
equation (S.18), and the iteration equation (S.19); these may be combined and written 
in matrix fonn as shown below: 
(S.21) 
Where [~Kl is the initial estimate for the unknowns, adjusted by suitable correction 
from equation (S.18) above and given in matrix fonn equation (S.22) below. 
(S.22) 
Where gi is the residual of the iteration i.e. the theoretical solution subtracted from 
the experimental data as shown below: 
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g, = (5.23) 
A is the matrix form of the derivative of the function h; which in this case is the 
theoretical solution to the maximum shear stress, max • 
O"t max_1ht 0, max Ih 
- I 0, max Ihl 
oK! oKII ocr Ox 
A;= (5.24) 
0, max Ih· , 0, max Ih· 
- , 
0, moi Ih· , 
oK! oKII ocr Ox 
(5.25) 
(5.26) 
The above equations provide L\K" L\Kn and L\cr Ox which are used to correct the 
initial estimates for K I , Kn and crox to achieve a better fit of the function fk to the 
data points. Use of multiple points and the least squares best fit reduces errors due to 
inaccuracies in the measured co-ordinates of the selected points. 
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5.5 Crack Tip SIF Determination using Automated Methods. 
5.5.1 Introduction. 
The development of the MPODM theoretically allows the analysis of an unlimited but 
finite number of points from the isochromatic pattern surrounding a crack tip. The 
recent developments in the determination of full field phase maps using automated 
photoelasticity, described in Chapter 4, may be combined with the MPODM to form 
an advanced crack tip stress analysis tool. The increased availability of powerful 
computers in recent years makes available such stress analysis techniques. Use of full 
field data does not restrict data collection to the integer and half integer fringes. It 
increases the data collection zone, the number of points available and also ensures 
that data can be collected from the linear zone, which may be located outside the 
boundaries of the integer and half integer fringes. 
The process of multiple point SIF determination from automatic data was developed 
firstly with a semi-automatic approach by Nurse and Patterson (1990), (I 993b). 
Progression towards a fully automated approach was made by Haake et al (1994). 
5.5.2 Semi-Automated SIF Determination. 
Nurse and Patterson (1990), (I 993b ) determined SIFs usmg a semi automatic 
approach. In the initial work (1990) SIFs were determined for edge cracks under 
mixed-mode loading. Data was collected from the integer (Dark Fii:ld) and half 
integer (Light Field) isochromatic patterns. For several points, the fringe order and 
the co-ordinates were recorded. A Taylor expansion of the Westergaard equations 
including the second order terms was used along with equations (5.2) and (5.3) to 
generate an N-K relationship similar to equation (5.16) but with the addition of the 
second order terms. The recorded data points were used to solve the set of equations 
using the MPODM of Sanford and Dally (1979). Higher order terms were introduced 
such that the stress field solution held true throughout the whole of the isochromatic 
data pattern, as opposed to only satisfying data from within the linear zone. This 
approach was deemed necessary since the position of the linear zone was not known. 
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In the continuing work, Nurse and Patterson (I 993b) determined predominantly mode 
2 SIFs using an approach based on complex Fourier analysis. The data collection 
technique remained semi-automatic as described above, however the approach 
differed in the stress field solution equations. The generalised stress field around the 
crack tip was described using the Muskhelishvili (1953) approach in which the in 
plane stresses are represented by the analytical functions <l>(z) and 'J'(z) of the 
complex variable Z = x + iy where x and y are Cartesian co-ordinates. The stress field 
solution may be developed using complex Fourier analysis where the coefficients of 
each term are variables that allow different stress states to be described. 
In both of the above research works the ratio of the SIFs KII was determined by 
K, 
inspection of the isochromatic fringe pattern uSing an approach similar to that 
employed by Smith and Smith (1972). This time the Perigean angle Gp, shown in Fig. 
5.3, was measured where Gp is related to the SIF ratio as follows: 
I Gp = -arctan 
2 
4(~) 
{~':r -1 (5.27) 
This equation was used as a means of checking the experimentally measured SIFs. 
5.5.3 Fully Automated SIF Determination. 
The first known attempt to determine SIFs from fully automated data was conducted 
by Haake et at (1994). In this approach the phase stepping routine of Patterson and 
Wang (1991) and the spectral contents analysis of Haake and Patterson (1992) were 
used to generated a full field phase map of the isochromatic parameter u. This 
information was then used to solve the Westergaard equations using the MPODM and 
the algorithm developed by Nurse and Patterson (1990). The majority of the SIF 
results presented were calculated from data collected using the phase stepping 
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method. This approach is limited in some regions as described in Chapter 4, and is not 
considered robust enough for the experimentation described in the remainder of this 
thesis. 
5.6 Automated Crack Tip SIF Determination using Load Stepping 
Photoelasticity and Weighted Data. 
5.6.1 Introduction. 
This section demonstrates combination of the Load Stepping data collection routine, 
described in Chapter 4, the theory of Chapter 3 and the MPODM of Sanford and 
Dally (1979) described in section 5.4, for the detennination of mode I and mixed-
mode SIFs using a fully automated approach. This section also introduces the concept 
of weighting the experimental data in order to achieve an excellent fit with the 
theoretical solution. Regions of the full field phase map of a where the experimental 
data best fits the theoretical solution are also highlighted. 
Two sets of experiments were perfonned in order to fully evaluate the approach. 
Firstly SIFs were detennined for a series of three-point-bend specimens. Secondly, 
SIFs were detennined for an angled edge crack in a flat plate loaded in remote 
tension. The tests were conducted on homogeneous specimens for which theoretical 
solutions exist. The experimental and theoretical results were then compared. The 
purpose of this section is to validate the effectiveness of the SIF detennination routine 
with test geometries for which theoretical solutions are known, prior to use of the 
technique to study the unknown behaviour of the bimaterial crack. 
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5.6.2 Description of the Fully Automatic SIF Determination Technique. 
The approach used in the determination of SIFs throughout this thesis is described in 
its component parts in this and the previous two chapters. Stress field theory 
automatic data collection and the MPODM were combined. This new approach to the 
determination of SIFs for a given specimen may be summarised thus: 
• Obtain a full field phase map of unwrapped and calibrated a. using the load 
stepping data collection routine, performed on a Mathcad spreadsheet. 
• Transfer the file of the phase map of a. to the SIF solution routine and input the 
co-ordinates of the crack tip, material fringe constant fa' and a scale factor for the 
phase map of a. giving the ratio of pixels mm -I • 
• Run the SIF determination routine, (again performed on a Mathcad spreadsheet) 
which performs the MPODM of Sanford and Dally (1979) to fit the experimental 
data to the theoretical solution. 
The initial experiments employing the above technique were conducted on a series of 
three point bend specimens and an angled edge crack in a flat plate. The technique 
summarised above is described in detail below. 
5.6.3 Experimental Evaluation of the SIF Determination Technique. 
5.6.3.1 Mode 1 Three-Point-Bend Tests. 
A standard three-point-bend specimen was prepared and loaded as shown in Fig. 5.5. 
This shows a) a diagram of the specimen and b) a photograph of the specimen in the 
load frame. The specimen was machined from a sheet of cast epoxy resin (CT-1200). 
The crack was introduced using a fine bladed 'razor saw'. The crack tip position for 
which was taken as the maximum depth of the notch as shown by Nurse (1992). Four 
different crack lengths were studied and for each crack length the specimen was 
tested over a range of loads in order to detect the presence of any non-linearity. The 
specimen was supported using knife edge supports as shown, and was arranged 
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between the elements of a Jessop-Leeeh polariscope. The loads were applied using an 
Instron tensile test machine to a point on the specimen shown in Fig. 5.5. 
For each nominal load case, light and dark field images were recorded at three 
incremental loads, P-oP, the nominal load P and P+oP i.e. six images in total. The 
images were recorded using the digital image processing equipment described in 
section 4.2.2.1. The images were then used to determine oa and a. using the load 
stepping algorithm described in Chapter 4. The phase map of a was then unwrapped 
using the Discrete Cosine Transform method of Ghiglia and Romero (1994), before 
being calibrated to an absolute value from comparison with oa. Mathead 
Spreadsheets were written to perform both these algorithms. Ten nominal loads were 
studied 0 - 10 kg. In order to achieve the required load steps in a progressive manner, 
the load applied was increased incrementally. Light an dark field images were 
recorded every O.Skg from 0 - llkg, hence a bank of images was recorded. From this 
bank of images an appropriate set of six load stepped image were selected. The load 
step could therefore be chosen so as to provide an optimum range of unambiguous 
oa, and ensure that oa remained less than It. 
Having generated a full field phase map of a for a given nominal load, a second 
Mathead spreadsheet was used to determine the SIFs using the information contained 
in the phase map of a. Data was collected from a prescribed window shown in Fig. 
5.6. This was introduced so as to avoid what would be the interface of a bimaterial 
crack. This region generally becomes contaminated from an optical perspective 
during the bonding process and as such is unsuitable for data collection. Data was 
collected from only one side of the crack, representing the situation should an 
epoxy/metal specimen be studied. The data collection window contains many 
thousands of data points available for analysis. Use of every available data point 
would take an unacceptable amount of computing time to process a solution. The 
Mathead spreadsheet was written to include a step size variable such that only every 
second, third, fourth etc. data point from the data collection window was considered. 
Hence an evenly distributed square grid of data points of varying density could be 
selected for processing. 
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The spreadsheet solved the solution equations for the homogeneous case described in 
Chapter 3 using the MPODM of Sanford and Dally (1979). Initially the step size was 
chosen such that a grid of around 1000 data points from the collection window was 
used in the solution routine. This ·provides an initial estimate for the SIFs. The initial 
SIF values are then used to determine the residual of the iteration using equation 
(5.20) for all of the points contained in the collection window i.e. several thousand. 
Those points having the smallest residual, typically the best 500 points, were then 
highlighted on the spreadsheet to indicate the region of 'best fit' between the 
experimental data and the solution equations. The solution routine was then repeated 
for these best fit points. The spreadsheet required the following parameters to be input 
from the operator: 
• The location of the crack tip. This was determined easily from one of the six load 
stepped images. From this, the co-ordinates of all the points in the full field phase 
map of are et known. 
• The material fringe constant fa. This property was determined for every sheet of 
epoxy used throughout the work contained in this thesis using a standard disc-in-
compression test and the theoretical solution given by Dally and Riley (1991). See 
section 6.5.2. 
• A material scaling factor. This was achieved by making two marks on the 
specimen from outside the data collection region a known distance apart, typically 
20mm, which could be used to determine the length scale ofpixels mm-I .. 
5.6.3.2 Mixed-Mode Tests using an Angled Edge Crack in a Flat Plate. 
A flat rectangular plate was machined from cast epoxy resin (CT-1200). The 
dimensions of the plate were 100mm x 80mm and 6mm thick. An angled edge crack 
was introduced using a fine bladed razor saw. Again the location of the crack tip was 
assumed to be the maximum depth of the notch as shown by Nurse (1992). The crack 
was at and angle of 48° to the edge of the specimen and was 32mm in length. The tip 
of the crack terminated at the horizontal axis of symmetry of the specimen. The 
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specimen is illustrated in Fig. 5.7, which shows a) a photograph of the specimen and 
jig used to hold the specimen in the test machine, b) a photograph of the specimen 
located in the test machine, and c) a diagram of the specimen. 
The specimen was tested over a range of loads and the results recorded using the 
methodology described in section 5.6.3.1 above. 
5.6.4 SIF Determination using Weighted Data. 
The N-K relationship in its iterative squared form is given in equation (5.20). This 
may be simplified in general terms as the following relationship which is true for each 
point considered. 
(5.28) 
Ideally g will equal zero if the experimental data point fits the theoretical solution 
exactly. It has already been described in section 5.6.3.1 that study of how well the 
experimental data fits the theoretical solution leads to use of the best fitting data in the 
final determination of SIFs. It may therefore be assumed that confidence in the SIF 
values produced by the SIF determination routine is increased if the data fits the 
solution theory well i.e. if g, the residual of the iteration, approaches zero and 
inspection of the best fitting data points shows a defined region of best fit. It was 
expected that data will fit best in the linear zone as this is the region represented by 
the singular stress field solution. There are two approaches to assessing the fit of the 
data. 
I) Study of a plot of g for each point used. 
2) Study of the location of the best fitting points in the full field plot of u. 
Methods to improve the fit of the experimental data to the theoretical solution are 
beneficial to the effectiveness of the SIF determination routine. 
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One approach to improving the fit of the data is to weight the data as a function of the 
radius or distance from the crack tip. When considering the effect of the distance of a 
given data point from the crack tip there are three areas of concern. 
I) Despite the effect of the MPODM reducing errors for points close to the crack 
tip, the measured radius is less accurate than for those points at a distance. 
2) The linear zone has been shown by Schroedl and Smith (1975) to be close to the 
crack tip, outside the region very close to the crack tip dominated by the effects of 
three dimensional stresses and plasticity. 
3) More data points lie on a radius of data far from the tip than on a radius close to 
it. It is important that the solution routine is not dominated by regions distant from 
the tip due to the greater number of data points in such regions. 
In order to attempt to take into account the above arguments the data sets gathered for 
the two experiments described in sections 5.6.3.1 and 5.6.3.2 were weighted by 
dividing both the experimental data and the theoretical solution by .fr, a variable was 
introduced into the SIF determination routine to allow this. Therefore an N-K 
relationship similar to that of equation (5.20) but employing the bimaterial stress field 
given in Chapter 3 (in a squared form) is given by: 
A' 
211r'; ((~(fU _ fll.)' + fU)KII') + 4 ITI 001 rei 
(G(f~; -f~;)(f~; -f~~;)+2f~;f~;)KIKII) 
Where the functions f;", f~O" ,f~" have been defined in Chapter 3. 
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Equation (5.28) now becomes: 
g; = ( 1: ~ 2 (EXPrerimental)]_ ( 1: max 2 (:heory)) 
, , 
(5.30) 
The SIF determination routine was run for the two cases of no weighting function and 
1 
a weighting function of r 2. The results are presented in the following section. 
5.6.5 Generation of Theoretical Fringes. 
Having calculated KI and Kl1 using the SIF determination technique, it is possible to 
generate a theoretical fringe plot from the calculated SIF values. By way of further 
evaluating the technique, theoretical light field isochromatics were generated for SIF 
values obtained for the three·point·bend specimen (a=IOmm, P=9kg) and the angled 
edge crack in a flat plate specimen (P=50kg) for comparison to those obtained 
1 
experimentally. SIF values obtained with a weighting function of r 2 were used in 
the generation of the theoretical fringes. Theoretical light field isochromatic fringe 
maps were generated by using the stress field solution presented in Chapter 3 along 
with calculated values for the SIFs to determine 1: max for a 256 x 256 array of pixels. 
The crack tip was positioned halfway down the left edge of the image. 1: max was 
calculated for each pixel in the array. The physical co-ordinates of the pixels were 
determined by using the same scale factor (pixels mm -I) as determined in the 
equivalent experiment. From 1: mu the fringe order and hence a for a light field 
arrangement of a polariscope was calculated for each pixel. The results are described 
in the following section. 
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5.6.6 Results. 
Isochromatic phase maps of wrapped a, Ba and unwrapped a are shown in Fig. 5.8 
for a three-point-bend specimen of where a=IOmm P=9kg and the angled edge crack 
specimen where P=50kg. 
3 
Graphs of the mode I SIF (K, Nmm 2) versus load for each crack length (10,15,20 
25mm) for the three-point-bend test are shown in Fig. 5.9. Results are presented for 
, 
no weighting function and a weighting function of r 2. The results are shown in 
comparison to theoretical solutions given by Dally and Riley (1991) where the mode-
I SIF for a homogeneous three-point-bend test are evaluated as follows: 
(5.31) 
Where a = Crack length W = Specimen width (50mm) P = Nominal load S = Distance 
between the knife edge supports (200mm) and t = Specimen Thickness (6mm). 
3 
Graphs of mode I and mode 2, (K, and Kll Nmm 2) SIFs versus load, calculated 
, 
using no weighting funcion and a weighting function of r 2, for flat plate loaded in 
tension are shown in Fig. 5.10. The results are compared with theoretical solutions for 
the angled edge crack provided by Bowie (1973). 
To graphically and pictorially show the effect the weighting function has on the fit of 
data, Fig. 5.11 shows plots of g for each data point for the angled edge crack in a flat 
plate loaded at P=50kg, for SIFs determined with no weighting function and a 
, 
weighting function of r 2. Fig. 5.12 shows the regions of best fit between the 
experimental data and the theoretical solution (best fitting 500 points) for the two 
weighting function cases. Fig. 13 shows an example of a poor best fit zone. For this 
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example a poor data set resulted in invalid SIFs due to negative K,. Poor best fit 
zones such as this indicate a poor solution and hence invalid resulting SIF values. 
Fig. 5.14 shows a comparison between the real and the theoretically generated light 
field isochromatics for the case of the three-point-bend specimen (a=lOmm, P=9kg). 
Fig 5.15 shows an equivalent comparison for the angled edge crack in a flat plat in 
tension where P=50kg. 
5.7 Discussion and Conclusions of the Fully Automated SIF 
Determination Technique. 
5.7.1 Three-Point-Bend Tests. 
For each of the four crack lengths studied the experimental results agree well with the 
theoretical solutions. Generally, the experimental results are within ± I 0% of the 
theoretical solution. The systematically lower values for the experimental results are 
to be expected as the theory assumes a sharp crack in an elastic material, whereas in 
reality the crack tip is represented by a notch in an elastic-plastic material. 
, 
Experimental results for no weighting function and one of r 2 show that both 
produce similar results. 
The theoretically generated light field isochromatic fringe pattern for the case where 
a= IOmm and P=9kg Fig. 5.l4b compares well with the real light field isochromatic 
shown in Fig. 5.l4a. 
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5.7.2 Angled Edge Crack in a Flat Plate Tests. 
For the angled edge crack tests, Fig. 5.10, results for K 11 are in excellent agreement 
with the theoretical solution of Bowie (1973). K, is also in good agreement with 
theoretical predictions except at higher loads, however despite two bad data points 
experimental results are generally well within 10% of the theoretical solution of 
Bowie (1973). Surprisingly, experimentally determined values of K, tend to be 
higher than predicted, despite the use of a sharp notch to represent the crack. However 
a study of past research works towards the determination of mixed-mode SIFs from 
automated data show similar trends. Nurse and Patterson (1990) and (1993b) and 
Haake et a/ (1994) all determine SIFs, which are higher than the predictions of Bowie 
(1973). 
Fig. 5.11 shows that for the cases of no weigthing function and a weighting function 
, 
of r 2, the plot of g for each case is reasonably flat and close to zero, particularly so 
for runs with the weighting function. Fig. 5.12 clearly shows that the data is best fitted 
in the most clearly defined zone ·for the case with a weighting function. In general, 
experience using the SIF determination technique showed that use of a weighting 
, 
function of r 2 provided a more robust technique, both in terms of convergence of 
the iteration scheme regardless of data set for the initial run of the solution routine 
and in definition of the best fit zone. 
As with the three-point-bend test example, the theoretically generated light field 
isochromatic fringe pattern for the case where P=50kg Fig. 5.15b compares well with 
the real light field isochromatic shown in Fig. 5.15a. This further demonstrates the 
confidence the user can place in this technique to give a robust determination of SIFs. 
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5.7.3 Assessment of load stepping photoelasticity as a data collection technique 
for crack geometries. 
In direct contrast to the case of the disc-in-compression test used in the analysis of the 
load stepping procedure, a crack geometry is a situation where the maximum 
displacements occur in regions of very low fiinge order i.e. along the opening crack 
faces. As with the case of the disc-in-compression, the stress field solution may be 
used to determine the displacements occurring in the above examples. However this 
would be a time consuming exercise to perform for the above and for subsequent tests 
conducted throughout this work. The largest displacement occur at the corners made 
by the crack faces and the specimen edge, well away from the data collection region. 
The ability of the load stepping technique for data collection to evaluate accurate SIFs 
as shown by the results is evidence of its effectiveness in the application to data 
collection for crack geometries. 
5.7.4 Summary. 
To summarise, the following conclusions regarding the SIF determination routine can 
be made. 
I) Load stepping photoelasticity is effective in collecting photoelastic data from a 
crack tip specimen in order to determine SIFs. 
2) For both geometries studied, the experimental results compare well with accepted 
theoretical solutions. 
I 
3) Use of a weighting function of r 2 results in a robust fit of the experimental data 
to the theoretical solution. 
4) Comparison of real and theoretically determined fringe patterns using measured 
SIFs is extremely favourable. 
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5) It has been demonstrated that the SIF determination routine performs well in the 
determination of SIFs for two crack geometries for which accepted theoretical 
solutions exist. This gives confidence that it can be used in the determination of SIF 
for the less well understood case of the bimaterial crack. 
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5.7 Figures. 
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Figure 5.1: Homogeneous crack geometry. 
Fringe Loops 
Crack 
Figure 5.2: Mode I isochromatic fringe loops. 
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Figure 5.3: Mixed-mode isochromatic fringe loops. 
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Figure 5.4: Determination of linear zone using the approach of Schroedl and Smith 
(1975). Zones 1,2 and 3 are the near field, linear and far field zones respectively. 
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Figure 5.5: Three point bend specimen. a) Diagram, b). Photograph. 
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Tip Region 
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(b) 
Figure 5.6: Data collection window. a) Diagram, b) Photograph of window for the 
angled edge crack specimen. 
(a) (b) 
Figure 5.7: Angled edge crack in a flat plate in tension. a) Specimen and jig used to 
locate the specimen in the test machine, b) Specimen positioned in the test machine, 
c) Diagram of the specimen 
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Figure 5.7: Angled edge crack in a flat plate in tension. c) Diagram of the specimen 
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(a) (b) (c) 
(d) (e) (t) 
Figure 5.8: Phase maps of wrapped a, lia and unwrapped a for the homogeneous 
specimens. (a-c) Homogeneous three-point-bend specimen, (d-e) Homogeneous 
angled edge crack specimen. 
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KI versus Load a = 15mm 
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KI versus Load a = 20mm 
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Figure 5.9: Mode I SIFs Nmm 2 versus load for the three-point-bend tests for the 
I 
cases of no weighting function and a weighting function of r 2. a) a = lOmm, b) a = 
15mm, c) a = 20mm, d) a = 25mm. 
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Figure 5.10: Mixed-mode SIFs Nmm 2 versus load for the angled edge crack tests 
1 
for the cases of no weighting function and a weighting function of r 2. a) Mode I, b) 
Mode 2. 
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Figure 5.11: Plot of g for each pixel for the three-point-bend test for the test 
conditions; a = 10mm P = 9kg for the cases of no weighting function and a weighting 
1 1 
function of r 2. a) wf= 1, b) wf= r 2, 
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(a) (b) 
Figure 5.12: Best fitting 500 points for the three-point-bend-test with the test 
conditions; a = 10mm P = 9kg for the cases of no weighting function and a weighting 
function of r 2. a) wf= 1, b) wf= r 2. 
Figure 5.13 Poor best fit zone. 
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(a) (b) 
Figure 5.14. Real and theoretically generated light field isochromatics for a three-
point-bend test (a=!Omm, P=9kg) a) Real three-point-bend test light field 
isochromatic, b) Theoretical three-point-bend test light field isochromatic. 
(a) (b) 
Figure 5.15. Real and theoretically generated light field isochromatics for an angled 
edge crack in a flat plate P=50kg. a) Real angled edge crack in flat plate light field 
isochromatic, b) Theoretical angled edge crack in flat plate light field isochromatic. 
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CHAPTER 6: 
BIMATERIAL CRACK EXPERIMENTATION. 
This chapter details the experimental determination of bimaterial SIFs for two 
interface crack geometries. The geometries considered are firstly a three-point-bend 
specimen and secondly a compact tension specimen. In order to address the up-to-
date methods in the photoelastic study of the inteiface crack a review is given of 
recent attempts to measure bimaterial SIFs using photoelasticity. A description of the 
manufacture of the specimens is given which includes the method by which the two 
components are bonded together. The specimen material properties are also 
measured. SIFs determined for homogeneous equivalents of the two bimaterial 
geometries studied are also provided in order that comparisons can be made. 
6.1 Introduction. 
This chapter details the experimental analysis on interface cracks studied in this 
research project. Initially a detailed review of recent attempts to determine SIFs for 
the bimaterial crack is presented. The techniques recently proposed are compared 
with the methodology detailed in Chapter 5. This chapter also describes the method 
by which the bimaterial specimen components are manufactured and bonded together. 
It then goes on to detail the specimen material properties so that the bimaterial 
mismatch E may be calculated. Finally a comprehensive series of experiments 
performed on a wide range of geometries is described in detail. In brief the automated 
SIF determination technique described in Chapter 5 is used to measure bimaterial 
SIFs for two types of geometry, a three-point-bend specimen and a compact tension 
specimen. Three-point-bend specimens were chosen as they provide a simple method 
of studying the effect of opening mode loading. Compact tension specimens were 
chosen instead of centre cracked specimens as used by other researchers such as Lu 
and Chiang (1993) as they are simple to manufacture and are easy to examine over a 
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range of loading angles. In both cases an epoxy/aluminium material combination is 
considered. Ideally several material mismatches would have been studied. For the 
purposes of this project it was considered a priority to devote time to the development 
of the load stepping technique; the SIF determination routine and a thorough 
parametric study of one material mismatch, rather than consider several material 
combinations. The epoxy/aluminium specimen studied creates a large material 
mismatch and is representative of many engineering situations where a plastic is 
bonded to a metal. 
For the bimaterial three-point-bend geometry, theoretical solutions and 
experimentally determined SIFs for the homogeneous case presented in section 5.6.6 
are available for comparison with bimaterial results. For the compact tension 
geometry, theoretical SIFs have been quoted by Ahmad et at (1996), however it was 
doubtful that the jig used to load the compact tension specimens at various angles 
(shown in Fig. 6.lld) would create the same loading situation as that assumed 
theoretically. In the interests of changing one experimental parameter, the specimen, 
it was considered more appropriate to compare experimentally measured 
homogeneous compact tension SIFs with those measured for bimaterial specimens. 
Therefore in order to provide a similar comparison, SIFs had to be measured for 
homogeneous compact tension specimens identical in geometry to the bimaterial case. 
6.2 Photo elastic Study of the Bimaterial Crack. 
In this section a detailed review of the recent uses of photoelasticity" to study the 
bimaterial crack is presented. The methods available at the beginning of this research 
work are compared with the proposed new technique described in the previous 
chapter. 
6.2.1 Background to Photo elastic Determination of Bimaterial SIFs. 
Ferber et at (1991) were among the first researchers to determine SIFs for the 
bimaterial crack. The stress field solution containing the bimaterial SIFs KI and KII 
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described by Sih and Rice (\964) and Shih and Asaro (1988) has been presented in 
Chapter 3. The stress components are as follows: 
(6.1) 
where p,q = r,9 , A = 1, f~·~ are functions of r,9 (given in Chapter 3) and E 
2 cosh( nE) . 
is the bimaterial mismatch parameter. 
Equation (6.1) may be combined with the well known stress optic law and equation of 
maximum shear stress from Mohr's circle to form the following bimaterial N-K 
relationship. 
(Nf)' A' _0 =-(C,(9)K1' +C,(9)Kll' +C 3(9)K1Kll) 2t 2m (6.2) 
Where C, ,C, and C 3 are constants given by: 
(6.3a) 
(6.3b) 
(6.3c) 
This procedure is common to the following photoelastic studies of the bimaterial 
crack and has been briefly reviewed above for clarity. 
In their work Ferber et al (1991) considered bimaterial compact tension specimens 
comprising an epoxy component and an aluminium component bonded together. Data 
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lying on the integer and half integer fringes was gathered from the epoxy component 
of the specimen. The data was gathered using digital image processing equipment and 
a semi-automatic photoelastic data collection technique similar to that used by Nurse 
and Patterson (1990). The MPODM of Sanford and Dally (1979) was then used to 
solve the above N-K relationship. 
Barone and Pasta (1995) similarly developed the N-K relationship in equation (6.2). 
They also determined SIFs for bimaterial epoxy/aluminium compact tension 
specimens using photoelasticity. The RGB method of full field automatic 
photoelasticity developed by Ajovalasit et al (1994) was used to generate a full field 
phase map of the isochromatic surrounding the crack tip in the epoxy component of 
the specimen. Two hundred points from around the crack tip were used to solve the 
N-K relationship again using the MPODM of Sanford and Dally (1979). The 
technique is essentially the same as that used by Ferber et al (1991) with the 
introduction of a full field data collection technique. The development in techniques 
to determine SIFs for the bimaterial case from Ferber et al (1991) to Barone and Pasta 
(1995) is analogous to the developments made in the study of the homogeneous crack 
from Nurse and Patterson (1990) to Haake et al (1994). 
The approaches of both Ferber et al (1991) and Barone and Pasta (1995) overlook 
important considerations which must be made in the determination ofbimaterial SIFs. 
Firstly no effort is made to ensure that data is collected from the linear zone only. 
This is necessary as the equations describing the stress field around the crack tip are 
of the first order. Secondly the components of the SIFs determined by Ferber et al 
(1991) and Barone and Pasta (1995) must be defined as being measured at a given 
radius from the crack tip or it must be assumed that the bimaterial constant e = O. As 
explained earlier in Chapter 3 the components of the complex bimaterial SIF cannot 
be separated as in the case of the homogeneous crack due to complex nature of the 
bimaterial field solution. As a brief revision for the homogeneous case the complex 
SIF, is defined thus: 
K llom = K, + iK" (6.4) 
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The components K, and KII are separable and uniquely define the opening and 
shearing modes respectively. In the case of the bimaterial crack the complex SIF, K 
using the definition of Rice (1988) is given by: 
(' );' K B; = (KI + iKlI) rl a (6.5) 
Hence the components are inseparable unless defined at a given radius r . 
The difference between the definitions of the SIF for the homogeneous and bimaterial 
case appears to be overlooked in the two previously described papers. As first 
attempts to determine SIFs for the bimaterial crack using photoelasticity the 
assumption that s = 0 would be acceptable, however this is not made clear in the 
analysis. 
Miskioglu et af (1991) and Luand Chiang (1993) were the first to consider the 
complex definition of the bimaterial crack tip SIFs in their photoelastic analysis. They 
followed the classical definition of the bimaterial crack tip SIF suggested by Rice 
(1988). This definition introduced earlier in the theory section implies that the 
complex SIF, K is not constant and is dependant on the radial distance from the crack 
tip. However both Miskioglu et af (1991) and Lu and Chiang (1993) realised that the 
complex SIF, K for the bimaterial crack is constant for a given r i.e. rand also that 
the components of the complex SIF, KI and KII were separable for a given radius. 
Both papers report bimaterial SIFs for isochromatic data gathered from the same 
circular arc centred at the crack tip. As with the approaches of Ferber et at (1991) and 
Barone and Pasta (1995), Miskioglu et af (1991) solved the N-K relationship using 
the MPODM of Sanford and Dally (1979). Lu and Chiang (1993) used only two 
points in their analysis and solved an N-1: mu relationship analytically. The approach 
ofLu and Chiang (1993) is described in the following section. 
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6.2.2 Detailed Review of the Method Proposed by Lu and Chiang. 
Despite its lack of an automated data collection method, the bimaterial SIF 
determination technique proposed by Lu and Chiang (1993) is presently the most 
thorough photoelastic approach for the determination of bimaterial SIFs. The 
approach does not completely satisfy the requirement that data should be gathered 
from within the linear zone but the problem of inseparable component SIFs is fully 
addressed. The technique is detailed below. 
The classical definition of the bimaterial SIF proposed by Rice (1988) is used to 
characterise the crack tip field, where the complex SIF, K is given by equation (6.5). 
The stress field solution to the bimaterial crack is described by equation (6.1). The 
maximum shear stress is then defined for two data points lying on the same circular 
arc (r,9 1) and (r,9,): 
(6.6a) 
(6.6b) 
where the constants Cl' C, and C) have been defined in equation (6.3) 
Equations (6.6a and b) are combined to give the following: 
aKII' + bKIKII + cKI' = 0 (6.7) 
where a,b, and c are given by: 
(6.8a) 
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b = 'max' 'C 3(S,) - '""", 'C 3(S,) (6.8b) 
(6.8c) 
Making the assumption that K, '" 0 equation (6.7) is rewritten as: 
(6.9) 
The ratio KlI/KI is easily solved using equation (6.9) hence Kl and KlI were 
determined by substitution of the ratio into equations (6.8), in the case of substitution 
into equation (6.8a) Kl is given by: 
(6.10) 
where 
(6.11 ) 
By way of revision the classical definition of the bimaterial SIFs Kl and KlI 
suggested by Rice (1988) is as follows: 
(6.12) 
and in terms of the opening and shearing modes 
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(6.13) 
6.3 Extension of the Weighted Data Technique Described in Chapter 
5 for Application to Bimaterial Crack Tip SIF Determination. 
6.3.1 Introduction. 
As with the homogeneous crack the use of multiple points in the determination of 
SIFs for the bimaterial crack is expected to improve the reliability of the solution. 
Also, the homogeneous case developments in full field automated photoelasticity and 
the MPODM of Sanford and Dally (1979) may be combined to form a powerful SIF 
determination technique. Such a combination has been reported by Barone and Pasta 
(1995) but as previously stated the approach does not account for the inseparable 
components of the bimaterial SIF defined by Rice (1988). This essentially requires 
that the SIF must be defined at a given radius. The experimental determination of 
bimaterial SIF components requires that data must be gathered from a known single 
radius centred at the crack tip. This approach was adopted in the experimental reports 
of Lu and Chiang (1993) and Miskioglu et at (1991) using a limited number of data 
points from those available. The question that arises is how then can a full field 
automated determination technique combined with the MPODM of Sanford and Dally 
(1979) be used to determine SIFs that comply with the classical definition of Rice 
(1988)? 
6.3.2 Sample Test for a Bimaterial Compact Tension Specimen. 
The SIF determination technique was applied to the case of three sample bimaterial 
compact tension specimens. The three specimens were loaded to create a variety of 
mode mixities in order to cover the range of loading conditions likely to be 
encountered in the broad experimental study intended. Specimen 1 contained a 
predominantly opening mode stress field, specimen 2 contained a mixed-mode stress 
field and specimen 3 contained a predominantly shearing mode stress field. 
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Each specimen had a crack length of 30mm and was tested over a range of nominal 
loads from 20 - 60 kg. Specimen I was loaded at IjI = 0°, Specimen 2 was loaded at IjI 
= (j0° and specimen three was loaded at IjI = _90°. The loading configurations are 
shown in Fig. 6.11 b. The preparation of the specimens, the material properties, and 
the experimental technique are described later in sections 6.4, 6.5 and 6.6. As with the 
homogeneous case a clearly defined best fit zone, depicted later, was observed around 
the crack tip for each of the applied loads. 
For the case of one of the nominal loads, arbitrarily chosen as 48kg, each sample 
specimen was studied in greater detail. The effect of the size of the outer radius of the 
data collection window described in section 5.6.3 and shown in Fig. 5.6 was studied. 
In order to achieve this, the outer radius of the window was reduced from maximum 
to minimum values with respect to the available data collection zone. For each case, 
SIFs and best fit zones were determined using the SIF determination routine. By way 
of assessing the effect of the weighting function in the bimaterial crack this was done 
I 
without a weighting function and a weighting function of r 2. For the three sample 
specimens, theoretical light field isochromatics were generated using the analysis 
described in section 5.6.5. The theoretical images were compared to the real images 
collected during the experimental procedure. 
6.3.3 Results and Discussion of the Sample Tests. 
Graphs of the SIFs versus outer radius of the data collection window for the three 
sample specimens are presented in Fig. 6.1 a,b and c. Graphs of the SIFs versus load 
for the specimens are presented later in the main results section. It can be clearly seen 
I 
that for a weighting function of r 2 the calculated SIFs are reasonably constant with 
increasing radius for all mode mixities. This shows that the size of the outer radius of 
the data collection window does not effect the calculated values. Additionally it can 
be seen that SIFs calculated with no weighting function are higher than those 
calculated with a weighting function for cases where the outer radius of the data 
collection. is large. As this radius is reduced the SIFs calculated without a weighting 
function tend to those calculated with a weighting function. This is particularly 
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evident in the SIFs calculated for the dominant mode of the stress field. This further 
demonstrates that the use of a weighting function gives a robust determination of SIFs 
from full field data. 
A study of Figs. 6.2, 6.3 and 6.4, referring to the sample specimens with loading 
angles at IjI = 0°, 60° and -90°, respectively show that the size of the outer radius of 
the data collection window has no effect the best fit zones. If the outer radius is such 
that it is smaller than the extent of the best fit zone then the crescent is simply 
clipped. In addition to this the best fit zone is unaffected by the applied load for a 
given test. For each of the three sample tests the size and shape of the best fit zone 
remained reasonably con,stant for each nominal load. Fig 6.5 demonstrates this by 
showing the best fit zone for specimen 3, a = 30mm IjI = _90° over a range of nominal 
loads. Figs 6.6, 6.7, and 6.8 show comparisons between real and theoretically 
generated light field isochromatics for the three sample tests at P = 48kg. At regions 
close to the crack tip good agreement is observed between the real and theoretical 
fringe patterns. However at the very interface, there is a discrepancy between the two 
probably due to manufacturing inaccuracies. In the theoretical fringe patterns the 
fringe loops meet at the crack tip forming closed loops. This is not so for the real 
fringe patterns which do not join at the interface. At far field distances the theoretical 
fringe patterns do not account for far field effects with higher order terms and 
therefore the agreement is not expected to be good. 
The definition of the bimaterial SIF requires that the components of the SIF must be 
defined at a given radius. The modulus Kl+iKlI of the SIFs remains constant over the 
linear zone, however the values of KI and KlI theoretically will vary with radius due 
to the (r la) i, component in the SIF definition. The best fit zone does not form a 
perfect radius centred at the crack tip, however its use in the determination of SIF 
along with the definition of the bimaterial SIF definition will now be justified. 
For the three sample specimens considered the radius of the apex of the best fit zone 
r,pp was measured. The following values were recorded. 
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Load Angle '" Radius of Apex rapp r,pp I a 
0 3.5 0.12 
60 3.8 0.13 
-90 3.57 0.12 
In the series of bimaterial experiments described later in the chapter it was found that 
for all cases the ratio of r,pp/a was of the order of 0.10, and found to be in the range 
0.075$ r"", la $0.15. This is in excellent agreement with O'Dowd et al (1992) who 
showed the outer radius of the singular zone to be alIO. 
For the materials used in the bimaterial experiments the value of the bimaterial 
parameter E=0.084. This is calculated using the specimen material properties the 
determination of which is described later in this chapter in section 6.5. It is therefore 
possible to plot (r I at versus r/a in the range 0.075$ r/a$0.15, this is shown in Fig. 
6.9, for simplicity (r I at = Q. 
As stated earlier the modulus of the bimaterial SIF will remain constant over a range 
of data collection radii provided the range is within the linear zone. It is reasonable to 
assume that the best fit data zone is predominantly within the linear zone It is 
therefore acceptable to use data from the best fit zone in the determination of the SIF 
modulus. Within the linear zone, however, the components KI and KII of the 
bimaterial SIF and their phase angle will theoretically change due to the (r I at in 
the definition of the bimaterial SIF. The small value of E, equal to 0.048, for the 
bimaterial combination used throughout this research allows the assumption that 
(r la) i, is constant over the range ofr/a from which data is collected. This results in 
constant KI and KII over this region. 
Fig 6.9. clearly shows the real and imaginary components of (r I a)i' to be constant 
over the range 0.075$r/a$0.15. It is acceptable to assume that data may be collected 
from this zone and used in the determination of the bimaterial SIF components, 
153 
Chapter 6- Bimaterial Crack Experimentatjon 
irrespective of the radius. It has already been shown that the best fit zone is in the 
range of 0.075~ r/a~0.15 for the examples shown. 
6.4 Specimen Preparation. 
This section details the preparation of the two bimaterial specimen geometries. As 
explained in the introduction, homogeneous compact tension specimens require 
experimental analysis such that comparisons with the bimaterial case may be made. 
Preparation of homogeneous compact tension specimens is also included in this 
section. 
Preparation of the bimaterial specimens reqUires bonding of the two component 
materials. For the majority of the homogeneous tests used to validate the SIP 
determination routine, and the compact tension specimens described in this section, 
the crack was represented by the machining of a sharp notch. It is worth noting that a 
sample set of three-point-bend tests was performed on bonded epoxy/epoxy 
specimens manufactured according to the procedure described below. The measured 
SIFs agreed well with theoretical predictions, hence there is confidence in a bonded 
specimen being representative of a pure bimaterial crack interface. 
6.4.1 Bimaterial Three-Point-Bend Specimens. 
A diagram and photograph of a bimaterial three-point-bend specimen is shown in Fig. 
6.lOa and b respectively. The specimen comprises one half epoxy and one half 
aluminium. The two components were bonded together using the procedure described 
later in section 6.4.4. The specimen is of the same dimensions as those used for the 
homogeneous three-point-bend tests described in section 5.6.3.1. The epoxy 
component was machined from a sheet of cast epoxy CT-1200. The aluminium 
component was machined from a sheet of rolled aluminium 6082 - TF. The thickness 
of the components was 6mm. The material properties of the two components are 
given in section 6.5. The crack was formed by introducing a thin strip of PTFE film 
between the two mating surfaces during the bonding process, hence a portion of the 
interface remained unbonded. Four crack lengths were investigated. 
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6.4.2 Bimaterial Compact Tension Specimens. 
A component diagram of the bimaterial compact tension specimen is given in Fig. 
6.11 a. As with the three-point-bend specimen the epoxy component was machined 
from a sheet of cast epoxy resin, CT-1200 and the aluminium component was 
machined from a sheet of rolled aluminium 6082 - TF. Again the two components 
were bonded together using the surface preparation and bonding technique described 
later in section 6.4.4. As with the three-point-bend specimens a portion of the 
interface remained unbonded due to the insertion of a strip of PTFE film in order to 
form the crack. Five crack lengths were investigated. 
6.4.3 Homogeneous Compact Tension Specimens. 
The homogeneous compact tension specimens were made to the same dimensions as 
the bimaterial specimens. A diagram of the specimen in shown in Fig. 6.11 c. The 
specimens were machined from a cast sheet of epoxy resinCT-1200. A crack was 
introduced using a fine bladed razor saw, hence the specimen was made from a single 
component and no bonding was required. The crack tip was taken as the maximum 
depth of the notch, in the same manner as described for the homogeneous three-point-
bend specimens in section 5.6.3.1. 
6.4.4 Surface Preparation and Bonding of the Specimen Components. 
Several techniques are available for the pre-treatment of aluminium prior to bonding, 
Critchlow and Brewis (1996). Due to the nature of epoxy resin the range of similar 
such pre-treatments available are limited. The best aluminium surface pre-treatment 
readily available was a chromic acid etch. This is not as effective as a phosphoric acid 
etch but had the advantage that it could be conducted easily in the laboratory. A range 
of chromic acid etches now exist Critchlow and Brewis (1996). The original FPL 
(Forest Products Laboratory) involved low chromate concentrations and short 
treatment times which produced poor results with regard to initial joint strength and 
durability. The FPL etch in its standard, modified or optimised from is the most 
extensively studied of all treatments. For the bimaterial specimens used throughout 
the experiments reported in this thesis an optimised chromic acid etch pre-treatment 
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was performed on the aluminium components. The epoxy components were simply 
abraded and degreased. It is worth noting that the bonding procedure has to be carried 
out at room temperature. Attempts were made to bond the components at an elevated 
temperature as this improves adhesion. This resulted in several fringe orders of 
residual stress being introduced into the specimens which would be almost 
impossible, certainly time consuming and problematic to relax. Advice regarding the 
surface preparation and bonding of the two components was taken from the authors of 
the above reference based at the University Institute of Surface Science and 
Technology. The FPL optimised chromic acid etch procedure is described as follows. 
Firstly the mating surfaces of both components are abraded. This was achieved by 
using a Guyson bead blaster loaded with particles of chilled iron of varying grain size. 
The surfaces were held in the jet of particles for a sufficient time such that all the 
surface had been abraded, inspection of the surface indicated when this was complete. 
Care was taken to not over abrade the surface such that the two components did not 
meet flush with one another. The surfaces of the epoxy component not being abraded 
were protected from damage using masking tape. 
Having been abraded each component was degreased. This was achieved by placing 
them in an ultrasonic bath of solvent Methyl Eythyl Ketone (MEK) for six minutes at 
a frequency of 50Hz. This completed the surface preparation for the epoxy 
components. A chromic acid etch was then conducted on the aluminium components 
as follows. 
Optimised FPL chromic acid was heated in a water bath to a temperature of 62°C 
±2°C. The contents of one litre the acid were; 
59.9g Na,Cr,O,.2H,O 
304g concentrated sulphuric acid 
3.4g CuS04.5H,O 
9.3g Al,(S04kI6H,O 
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The aluminium components were then immersed in the acid for 30 minutes. This 
procedure was carried out in a fume cupboard. The components were then carefully 
removed and thoroughly washed with water before being left to dry. 
The structure produced is highly rough with a well defined matrix of Snm diameter 
fibrils extending 40nm from the surface. A relatively thin barrier oxide layer 
approximately 5nm thick is beneath this structure. 
Having prepared the surfaces of the components they were then bonded together 
using the liquid for of the epoxy resin. The epoxy was mixed in the ratio of 20 parts 
per 100 by mass of hardener. The adhesive was applied to the surface of the epoxy 
components except for a portion which fonned the crack tip which was covered by a 
strip of PTFE film. The two components were then held together under a slight 
compressive load and left for at least 36 hours before use. 
6.4.5 Specimen Selection. 
Having bonded the components together, each specimen was then checked to make 
sure that no residual stress was present. This was done simply by inspecting each 
specimen through a circular polariscope. Those containing residual stress were 
discarded. Examples of acceptable and unacceptable specimens are shown in Fig. 
6.12 
6.5 Specimen Material Properties. 
In order to detennine bimaterial SIFs using the technique described in Chapter 5, 
three material properties are required. These are the Young's modulus E, Poisson's 
ratio v and the material fringe constant fa. (In the case of the homogeneous crack 
only the material fringe constant fa is required as the bimaterial parameter E reduces 
to 0) 
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6.5.1 Measurement of Young's Modulus. 
Young's modulus for the aluminium and epoxy resin were found by conducting a 
standard tensile test. The tests were conducted along the ASTM guidelines of 05936 -
96 for the epoxy and B557M - 94 for the aluminium. For the aluminium sheet 
manufactured by rolling, tests were conducted along two mutually perpendicular 
directions in order to assess that the sheet was isotropic. The cast epoxy resin required 
testing in only one direction. Six tensile tests was performed for each case 
6.5.2 Measurement of the Material Fringe Constant. 
The fringe constant fa was measured for each sheet of epoxy resin (CT-1200) used 
throughout the course of this work. This was achieved by conducting a standard disc-
in-compression calibration test described by Dally and Riley (1991). The procedure 
was as follows. A circular disc of diameter 42mm was cut from each sheet of epoxy 
used. The disc was then loaded in diametral compression in an Instron test machine as 
shown in Fig 4.3 and was viewed through a dark field circular polariscope as shown 
in Fig 4.1. The load was increased slowly and when a dark fringe was present at the 
centre of the disc the load and fringe order were recorded. This procedure was 
repeated until five fringe orders were present. The above procedure was repeated, as 
the disc was slowly unloaded, this time with the polariscope set up in a light field 
arrangement. From these measurements the fringe constant of the material was 
calculated using theoretical solution to the disc-in-compression given by Dally and 
Riley (1991). This is summarised below. 
The principal stress difference along the horizontal diameter of a disc loaded In 
diametral compression as shown in Fig. 4.3 is given by: 
8Pg(04_40'X') Nf 
IT, -IT, = to (0' + 4x' 'f = -t-
Hence the fringe constant fa is given by rearrangement of equation (6.14). 
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(6.15) 
lfonly the centre point of the disc is considered i.e. x = 0 then equation (6.15) reduces 
to: 
f =~(pg) 
U D N (6.16) 
Hence if the fringe order (typically the integer and half integer fringes) at the centre 
of the disc is measured for a range of loads then the fringe constant fa' which is 
independent of the material thickness, may be determined from the gradient of a 
graph ofP versus N. 
6.5.3 Results of the Tests to Measure the Specimen Material Properties. 
The tables shown in Fig 6.13a and b show the results for the experiments to determine 
Young's modulus for the aluminium and the epoxy respectively. There is no 
significant difference in the average values of Young's modulus measured in the two 
directions for the aluminium. The average value over all tests is 67.4 GPa. The 
average value for the epoxy resin is 2.9GPa. This is in agreement with the values of 
69GPa for the aluminium and 2.9Gpa for the epoxy quoted by the manufacturers. Fig 
6.14 shows typical plots of stress versus strain plots for a) an aluminium tensile test 
and b) and epoxy tensile test. Poisson's ratio was taken as 0.33 for the Aluminium 
and 0.4 for the epoxy, as quoted by the manufacturers. 
The graph shown in Fig. 6.15 shows a typical plot of fringe order N versus Load P for 
a disc-in-compression test used to measure the fringe constant of the epoxy. In this 
case the fringe constant for the particular sheet of epoxy is fa = 15.6. 
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6.6 Experimental Details. 
6.6.1 Bimaterial Three-Point-Bend Tests. 
Bimaterial three-point-bend specimens, described in section 6.4.1, of four different 
crack lengths 5, 10, 15 and 20mm were tested over a range of nominal loads from 0 to 
IOkg (identical to the tests performed on the homogeneous equivalents in section 
5.6.3.1). The specimens were mounted on knife edge supports and were loaded using 
an Instran test machine as shown in Fig. 6.IOa and b. In order to perform a 
progressive test the Instran loading machine was used to increase the load from zero 
to the maximum. At predetermined loads the load was maintained fixed and light and 
dark field images were captured using the image processing equipment described in 
section 4.2.2.1. For the bimaterial three point bend specimens light and dark field 
images were recorded every 0.5kg from 0 to Ilkg. Hence, as before, a bank of 22 
images was created. From this bank, 6 load stepped images for each nominal load 
could be selected. 
Experimental full field isochromatic data was generated for each nominal load using 
the load stepping algorithm described in section 4.4. The SIF determination routine 
• 1 
with a weighting function of r 2 described in section 5.6 was run to evaluate the 
SIFs. The step-size variable in the SIF determination routine was adjusted so that 
approximately 1000 points from the phase map of a were used in the initial 
calculation of the SIFs. The best fitting 500 point from all of the available data were 
then used in the final run ofthe routine. 
6.6.2 Bimaterial Compact Tension Tests. 
Specimens of different crack lengths were studied each over a range of loads and 
loading angles. As before an Instran test machine was used to apply the loads. The 
loading configuration is shown in Fig 6.11 b, a photograph of the jig used to hold the 
specimens is shown in Fig 6.11 d and a photograph of the specimen held in the Instran 
test machine is shown in Fig 6.11 e. 
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For a given crack length and loading angle full field isochromatic data was again 
generated using the load stepping algorithm and the digital image processing 
equipment described in sections 4.4.1 and 4.2.2.1 respectively. Data was gathered for 
nominal loads at 4kg intervals from·20 to 60 kg inclusive, i.e. II nominal loads in all, 
this series comprised a standard batch of tests. Five crack lengths were investigated 
over seven loading angles making 35 batches in all. The loading angles investigated 
were Ij1 = -90°,_60°,_30°, 0°, 30° ,60°, 90° and the crack lengths considered were 20, 
25, 30, 35 and 40mm. A new specimen was used for each batch of tests so that 
possible residual stress and plasticity created at the higher loads did not affect low 
load results in subsequent batches. Repeat tests were conducted for the 30mm crack 
length specimens for each batch of tests in order to check repeatability of the 
experiments. 
Similar to the three-point-bend tests, for a given crack length and loading angle i.e. 
for each batch of tests, the load was applied slowly from zero to the maximum load. 
Light and dark field images were recorded at intervals of 2kg from 16 to 66kg 
resulting in a bank of 52 images in total. For each nominal load, a suitable set of six 
Load Stepped images were selected from the bank in order to achieve an appropriate 
load step. Typically for nominal loads of 20 and 24kg a load step of 4kg proved 
suitable. At higher nominal loads from 28 to 60kg a load step of 6kg was found to be 
suitable. The load step percentage for each nominal load was therefore decreased with 
increasing load. This is consistent with the need to reduce the load increment between 
steps to avoid ambiguous results at high fringe orders. 
Following the generation of full field isochromatic phase maps usmg the Load 
Stepping algorithm described in section 4.4, SIFs were determined using the routine 
I 
described in section 5.6 with a weighting function of r 2. As with the three-point-
bend specimens around 1000 points from the phase map of a were used in the initial 
calculation of the SIFs, and the best fitting 500 points were then used in the final run 
of the routine. 
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6.6.3 Homogeneous Compact Tension Tests. 
In order to provide a comparison between homogeneous and bimaterial results for the 
compact tension tests, experiments were conducted on homogeneous compact tension 
specimens. Homogeneous compact tension specimen described in section 6.4.3 and 
shown in Fig. 6.llc was arranged in the Ins/ron test machine in the same manner as 
the bimaterial specimens in section 6.6.2 and shown throughout Fig 6.11. 
Only four of the seven loading angles required consideration, 0°, 30°, 60° and 90°. 
Negative loading angles for the homogeneous case would result in the same results as 
the corresponding positive loading angle but for a change in sign of the mode 2 SIF. 
In order to reduce the turnover time for this series of experiments only three loads for 
each batch of tests were considered. The nominal loads were 20, 40 and 60kg which 
along with the zero reading gave enough points to provide the assumed linear 
relationship between load and SIF. As with the compact tension tests the load was 
increased slowly throughout a test and held at the points where data was collected. 
The load step used for each of the three nominal loads considered in each batch of 
tests was the same as its corresponding test in the bimaterial case. As stated earlier 
this was typically 4kg for the nominal load of 20kg and 6kg for the nominal loads of 
40kg and 60kg. Having generated a full field phase map of a for each nominal load, 
SIFs were determined using the SIF determination routine described in section 5.6. 
Again, initially 1000 points from the phase map of a were used to determine the SIFs 
and the' best fitting 500 were used in a subsequent run of the routine. 
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6.7 Results of the Bimaterial Crack Experimentation. 
In this section the results of the bimaterial tests are presented. Firstly the bimaterial 
three-point-bend tests are shown. Secondly results from the series of compact tension 
tests are shown. All graphical results in this cahpter are tabulated in the appendix at 
the end of the theses. These are not normalised and are the actual values measured. 
6.7.1 Three-Point-Bend Tests. 
The results of the bimaterial three-point-bend tests for the 10, 15, 20 and 2Smm crack 
length are shown in Fig. 6.16 a, b, c and d respectively. Normalised SIFs are plotted 
against normalised load. The load is normalised by dividing the nominal load by the 
maximum load at which the specimen was loaded i.e. 
Normalised load = .!.. 
Po 
(6.17) 
Where Po for the bimaterial three-point-bend tests is the maximum applied load of 
JOkg. 
The measured SIFs are normalised by the following: 
Normalised Kl, II = Kl, II 
Ko 
Where, 
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0" 0 corresponds to the transverse shear stress along the interface as a result of the 
maximum applied load Po, i.e. 0"0= Pog/ Ao where Ao is the area of the adjacent 
surfaces of the three-point-bend specimen components. 
The results are compared to similarly normalised homogeneous K, solutions 
calculated using equation (5.31). 
6.7.2 Compact Tension Tests. 
For all compact tension tests both the load and the SIFs are normalised. The load is 
normalised according to equation (6.17) where Po for the bimaterial compact tension 
tests is the maximum applied load of 60kg. 
The SIFs components KI and KII were normalised by use of equations (6.18) and 
(6.19). 0"0 corresponds to the stress along the interface as a result of the maximum 
applied load Po' i.e. 0"0= Pog/ Ao, where Ao is the area of the adjacent surfaces of 
the compact tension specimen components. 
The moduli of the SIFs KI + iKII were normalised in a slightly different manner. 
Equations (6.18) and (6.19) were again used. However in equation (6.19), 0" 0 
corresponds to the stress along the interface as a result of the nominal applied load P; 
i.e. 0" 0 = Pg! Ao, where Ao is again the area of the adjacent surfaces of the compact 
tension specimen components. 
Figs. 6.17 and 6.18 show the general behaviour of KI and KII over the range of crack 
lengths, applied loads and loading angles studied. Fig. 6.17 comprises 7 graphs, one 
for each loading angle. KI for each of the 5 crack lengths is plotted on each graph. 
Fig. 6.18 takes the same form as Fig. 6.17 in the graphical representation of KII 
versus applied load for each crack length and loading angle. 
By way of closer examination, study of the SIF moduli and companson with 
homogeneous SIFs are considered in greater detail. Each crack length is considered in 
turn. Figs. 6.19 and 6.20 show results for a=20mm. Fig. 6.19 comprises 7 graphs, one 
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for each loading angle and shows bimaterial KI, KII and homogeneous K, and 
KII versus applied load. Similarly Fig. 6.20. comprises 7 graphs and shows the 
bimaterial SIF modulus KI + iKII and the homogeneous SIF modulus K, + i KII 
versus load for each of the loading angles. Figs. (6.21)-(6.28) give the results in the 
same format for crack lengths of25, 30, 35 and 40mm. 
Fig. 6.29 shows a comparison between results for the repeat tests for the specimen 
with a=30mm, to those obtained from the initial experiments. 
Fig. 6.30 shows the phase angle between KI and KI, for the compact tension tests 
where the phase angle is the argument of KI + iKIl. Fig. 6.31 shows the phase angles 
for the bimaterial three-point-bend test and the compact tension test where 'I' = 0°. 
6.8 Observations from the Bimaterial Crack Experimentation. 
In this section the results presented in the previous section are described. An 
additional discussion of the results is presented in the following chapter. As with the 
results section, initially the three-point-bend tests are considered. Following this the 
compact tension specimens are described. 
6.8.1 Three-Point-Bend Tests. 
In all cases KII, the imaginary component of the bimaterial SIF is close to zero, the 
stress field being dominated by KI. However KII is seen to increase by a small 
amount over the range of loads applied, despite the fact that they are applied in 
remote tension. The bimaterial SIF for the three-point-bend tests comprises 
predominantly KI (real) components. In each case KI increases linearly with 
increasing load. The bimaterial KI values are systematically lower than the theoretical 
homogeneous K, values. Typically the KI is 80% of K,. The associated phase angles 
for the three-point-bend tests are shown in Fig. 6.31 and are discussed in the next 
section in the context of the compact tension phase angles where \jI = 0° (a similar 
loading case in that the applied loads are purely tensile). 
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6.8.2 Compact Tension Tests. 
Fig. 6.17 shows that for each loading angle KI increases linearly with applied load, 
except for the cases where IjI =_90° and 90° where KI is flat and close to zero. In 
general the values of KI for each crack length increase with increasing 1jI, until a 
maximum for each crack length is reached when IjI = 30°. KI values are then observed 
to decrease in value as the maximum loading angle of IjI = 90° is reached. In all cases 
KI increases with increasing crack length. It is interesting to note that for the equal 
and opposite loading angles i.e. IjI = _30° and 30°, 1j1-60° and 60° and IjI =90° and -90° 
values of KI are not equal as would be the case for a homogeneous crack. For the 
positive loading angles the SIFs are higher than for the negative loading angles, this is 
evident by the steeper nature of the graphs for the positive loading angles. The two 
cases of IjI = 90° and _90° are of particular interest. For the case of IjI = 90° KI for the 
longer crack lengths is equal to zero indicating a dominance of KII, as would be the 
case for a homogeneous crack. At the shorter crack lengths for IjI = 90° KI is seen to 
increase linearly with increasing load. This behaviour is not evident at IjI = _90° where 
for each crack length KI = zero, the stress field is dominated by KII. 
Fig. 6.18. shows the behaviour of KII with increasing load for each loading angle. As 
with KI, KII is observed to increase in modulus linearly with increasing load. 
Conversely with KI, values for KII are at a maximum for IjI = -90° and decrease to a 
minimum when IjI = 0°. For negative loading angles the mathematical notation results 
in positive values of KII, and vice versa. As IjI increases to 90° KII is observed to 
increase in modulus, but with negative values. Unlike the case for KI, it is evident that 
for the equal and opposite pairs of loading angles i.e. IjI = 30° and -30°, IjI = 60° and-
60° and IjI = 90° and -90°, the magnitudes of KII are very similar except for the 
change in mathematical sign. It is also apparent that for loading angles other than the 
two extremes of IjI = 90° and IjI = -90° the SIF values for each crack length are tightly 
bunched together, in the sense that for a given loading condition there is little 
variance in KII over the range of crack lengths. For the cases of IjI = 90° and Ij1 = -90° 
two observations may be made. Firstly as with the values of KI, values of KII are seen 
to increase in magnitude with increasing crack length. Secondly the behaviour of KII 
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fits in with that observed for KI. At 'I' = -90° KIl, for each crack length is seen to 
increase linearly with increasing load, (note that the values of KI were close to zero). 
The stress field for each crack length is hence dominated by KII. For 'I' = 90° KII is 
almost zero for the two short crack lengths which have increasing values of KII. For 
the three larger crack lengths of a = 30, 35 and 40mm, KII at 'I' = 90° the modular 
value of KIl increases linearly with load, and a predominantly KII field is observed. 
In comparison with measured SIFs for an equivalent homogeneous specimen the 
following observations are made from a study of Figs. 6.19, 6.21, 6.23, 6.25, 6.27. For 
all crack lengths the general trend is that at 'I' = -90°, both values for KI are close to 
zero. As the loading angle increases, as observed in Fig. 6.17, values for KI increase 
linearly with increasing load. For negative loading angles, the bimaterial values of KI 
are lower than corresponding homogeneous values, but tend to equality as the loading 
angle passes 'I' = 0°. For positive loading angles KI for the bimaterial crack is 
observed to be slightly higher than values for the homogeneous crack. 
For all crack lengths and loading angles the homogeneous values of Kn are slightly 
higher in magnitude than the corresponding values for KII. The loading case where 'I' 
= 0° is a special case in that no shear is applied in the loading. The values of KII are 
close to zero however the values are seen to slightly increase with increasing applied 
load, thus increasing the phase angle. This area is covered in more detail in the 
following chapter. 
The behaviour observed in the comparison between bimaterial and homogeneous SIFs 
for each crack length has the following influence on the SIF moduli, shown in Figs. 
6.20, 6.22, 6.24, 6.26, 6.28. In general at 'I' = -90° the bimaterial modulus is slightly 
smaller than its homogeneous equivalent. As the loading angle is increased to 'I' = -
60° there is a noticeable separation between the two SIF moduli caused by an increase 
in the homogeneous SIF modulus. As the loading angle is increased the two SIF 
moduli converge until they are comparable for most cases at \jI = 0°. As the loading 
angle is further increased to 'I' = 90° the bimaterial modulus is seen to slightly exceed 
the homogeneous modulus, but the difference is not as pronounced as the difference 
at negative loading angles. The exception to this is the case where a = 20mm, where 
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as the loading angle is increased from IjI = 0° to IjI = 90° the bimaterial modulus is 
seen to have significantly higher values than those for the homogeneous case. The 
difference being comparable to those observed at negative loading angles. This trend 
is similar to, and a result of, the behaviour of bimaterial values for KI relative to the 
homogeneous values, as described earlier. 
Fig 6.29 clearly shows that the obtained SIF values are repeatable. The repeat set of 
tests for a = 30mm for each loading angle gave results generally between 5 and 10% 
of the initial measurements. 
Fig. 6.30 shows the phase angle versus load between the SIF components for each 
crack length for the compact tension tests. Generally it is observed that at IjI = 0° the 
phase angle is small as KI is dominant. As IjI is increased to IjI = 90° the phase angle 
is seen to increase in magnitude, values of the phase angle are negative because the 
mathematical notation results in negative KII for positive angles. As IjI is decreased 
from IjI = 0° to IjI = _90° the reverse is true. The higher KI SIFs for the positive 
loading angles result in smaller phase angles than for the negatively loaded 
equivalents. This is particularly noticeable for the cases of IjI = ±60°. For the majority 
of crack lengths and loading angles there is a constant relationship between KI and 
KII, this is evident by the flat nature of the phase angle over the range of applied 
loads. This is not so for the case where IjI = 0°, and for the three-point-bend tests, 
where the applied load is tensile. 
Fig. 6.31a shows the phase angles versus load for each crack length for the bimaterial 
three-point-bend tests. Similarly Fig. 631b groups together the phase angles for the 
compact tension tests where IjI = 0°. These are special cases as no remote shear 
loading is applied to the specimens and measured values of KII are a result of the 
moduli mismatch at the interface. For these cases the phase angle is seen to increase 
slightly over the range of applied loads, indicative of non-linear behaviour. In the next 
chapter this case will be compared to recent numerical research which suggests that 
such behaviour is a result of the increase in plastic zone around the crack tip due to 
the change in load. A study of the behaviour of KII for the three-point-bend tests and 
the compact tension tests where IjI = 0° indicated the non-linear behaviour. This 
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behaviour is not evident for the compact tension tests where loads were applied at an 
angles other than normal to the interface, hence such a detailed analysis for these tests 
is not performed. 
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6.9 Figures. 
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Figure 6.1: Graphs of the SIFs versus outer radius of the data collection window. a) 
Specimen 1, a = 30mm, \jI = 0°, P = 48kg. b) Specimen 2, a = 30mm, \jI = 60°, P = 
48kg. c) Specimen 3, a = 30mm, \jI = -90°, P = 48kg. 
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, 
• 
(a) (b) (c) 
Figure 6.2: Best fit zone for three outer radii covering the available range for sample 
specimen I. a) Large outer radius, b) standard outer radius, c) Small outer radius 
clipping the best fit zone. 
• I 
(a) (b) (c) 
Figure 6.3: Best fit zone for three outer radii covering the available range for sample 
specimen 2. a) Large outer radius, b) standard outer radius, c) Small outer radius 
clipping the best fit zone. 
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(a) (b) (c) 
Figure 6.4: Best fit zone for three outer radii covering the available range for sample 
specimen 3. a) Large outer radius, b) standard outer radius, c) Small outer radius 
clipping the best fit zone. 
(a) (b) (c) 
(d) (e) 
Figure 6.5: Best fit zones for specimen 3 over a range of loads. a) 24kg, b) 32kg, c) 
40kg, d) 48kg, e) 52kg. 
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Ca) Cb) 
Figure 6.6. Experimental and theoretical light field isochromatic fringe patterns for 
sample specimen I, IjI = 0° P= 48kg. a) Real experimental light field isochromatic, b) 
Theoretical light field isochromatic. 
Ca) Cb) 
Figure 6.7. Experimental and theoretical light field isochromatic fringe patterns for 
sample specimen 2, IjI = 60° P= 48kg. a) Real experimental light field isochromatic, 
b) Theoretical light field isochromatic. 
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(a) (b) 
Figure 6.8. Experimental and theoretical light field isochromatic fringe patterns for 
sample specimen 3, IjI = -900 p= 48kg. a) Real experimental light field isochromatic, 
b) Theoretical light field isochromatic. 
Re and Im (Q) versus rla 
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Figure 6.9. Graph of Q versus rla for 1:=0.084, showing real and Imaginary 
components. Q= (r la) i, 
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Load P 
Material 1- Epoxy 
Interface 
200mm 
IIOmm 
220mm 
(a) 
(b) 
Figure 6.10: Bimaterial three point bend specimen. a) Diagram, b) Photograph of 
specimen positioned in the test machine 
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50mm 
12mm Bonded Region 
OI~ 
-
o 
o 
Material 1 ~ 
Unbonded Region 
(a) 
Figure 6.11: Bimaterial compact tension specimens. a) Component diagram (above), 
b) Diagram of a loaded bimaterial compact tension specimen, c) Diagram of a loaded 
homogeneous compact tension specimen, d) Photograph of the loading jig, e) 
Photograph of a specimen in the test machine (overleaf). 
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Load P 
Crack 
Load P 
(c) 
Figure 6.11: Bimaterial compact tension specImens. b) Diagram of a loaded 
bimaterial compact tension specimen, c) Diagram of a loaded homogeneous compact 
tension specimen. 
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(d) 
(e) 
Figure 6.11: Bimaterial compact tension specimens. d) Photograph of the loading jig, 
e) Photograph of a specimen in the test machine. 
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(a) (b) 
Figure 6.12: Epoxy components ofbimaterial specimens after bonding. a) Acceptable 
bimaterial specimen-No flaws or residual stress, b) Unacceptable bimaterial specimen 
due to residual stress introduced during the bonding procedure. 
TEST NUM. E - Al (along) E - A (across) 
GPa Gpa 
I 66.14 75.50 
2 69.99 63.72 
3 63.70 65.6 
4 65.80 66.77 
5 73.34 63.99 
6 64.51 70.00 
(a) 
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TEST NUM. E - Epoxy GPa 
1 2.91 
2 2.90 
3 2.91 
4 2.92 
5 2.93 
6 2.93 
(b) 
(c) 
Figure 6.13: Sample results from tests to determine the material properties. a) 
Young's Modulus for the aluminium, b) Young's Modulus for the Epoxy, c) Typical 
example of an (aluminium) tensile specimen. 
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Stress Strain Plot Tor a Typical Aluminium Tensile Test. 
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Stress Strain Plot for a Typical Epoxy Tensile Test. 
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(b) 
Figure 6.14: Stress strain graphs for a) Typical aluminium tensile test b) Typical 
epoxy tensile test. 
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Load versus Fringe Order 
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Figure 6.15: Typical plot of fringe order versus load in a disc-in-compression 
calibration test to detennine the material fringe constant. 
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Normalised KI and KU versus Load a=15mm 
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Normalised KI and KII versus Load a=20mm 
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Normalised KI and KII versus Load a=25mm 
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Figure 6.16 Normalised bimaterial three-point-bend SIFs versus normalised load. a) 
IOmm, b) 15mm, c) 20mm, d) 25mm. 
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Normalised KI versus Load W=O Deg +-
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Normalised KI versus Load "'=90 Deg ... 
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Figure 6.17. Nonnalised bimaterial mode 1 SIFs versus nonnalised load for compact 
tension specimen at each load angle. a) -90°, b) _60°, c) _30°, d) 0°, e) 30°, f) 60°, g) 
90°. 
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Normalised KIl versus Load \V = 30 Deg 1-
- - - -- . - - - -
• i:: 1 '" + 0 0 ~ ~ !! 
-; ~ 
-+-Norm KIIa=20mm E -I 
~ 
° 
~Norm Klla=2Smm 
:z;
-2 
-.- Norm KII a=30mm 
0.25 0.50 0.75 1.00 """*"" Norm KII a=35mm 
Normalised Load 
-'-Norm KIIa=40mm 
(e) 
Normalised KII versus Load 'V=60 Deg ,. 
0.25 0.50 0.75 1.00 
• .. 0 Isl I> 
= I 1"1 
~ 
r;; L::~ ! t '0 
-I ~ 
-+-Norm KII a=20mm ~ 
.-
-; 
---Norm KII a=2Smm E -2 
~ 
....... Norm KII a=30mm 
° :z; 
-3 ~Norm KII a=3Smm 
Normalised Load """*-Norm KII a=40mm 
(f) 
Normalised KII versus Load 'V =90 Deg ... 
0.25 0.50 0.75 1.00 ... 
i:: 0 .. ...-
'" .... 0 
~ -I ~ 
......... 
./ ~ -+-Norrn KII a=20mm ~ - ..... -; 
E -2 ~Norm KII a=2Smm 
~ 
° 
--"-Norm KII a=30mm 
:z; 
-3 ~Norm KII a=3Smm 
Normalised Load 
----Norm KII a=40mm 
(g) 
Figure 6.18. Normalised bimaterial mode 2 SIFs versus normalised load for compact 
tension specimen at each load angle. a) _90°, b) -60°, c) -30°, d) 0°, e) 30°, f) 60°, g) 
90°. 
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BimateriaVHomogeneous KI, KII Comparison a = 20mm. 
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Figure 6.19. Nonnalised bimaterial SIFs versus nonnalised load for compact tension 
specimen at each load angle, a=20mm. a) -90°, b) -60°, c) -30°, d) 0°, e) 30°, f) 60°, 
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Figure 6.20. Normalised bimaterial SIF modulus versus normalised load for compact 
tension specimen at each load angle, a=20mm. a) _90°, b) -60°, c) _30°, d) 0°, e) 30°, 
f) 60°, g) 90°. 
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Figure 6.21. Normalised bimaterial SIFs versus normalised load for compact tension 
specimen at each load angle, a=25mm. a) -90°, b) _60°, c) _30°, d) 0°, e) 30°, f) 60°, 
g) 90°. 
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Figure 6.22. Nonnalised bimaterial SIF modulus versus nonnalised load for compact 
tension specimen at each load angle, a=2Smm. a) _90°, b) _60°, c) -30°, d) 0°, e) 30°, 
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Figure 6.23. Normalised bimaterial SIFs versus normalised load for compact tension 
specimen at each load angle, a=30mm. a) -90°, b) -60°, c) _30°, d) 0°, e) 30°, f) 60°, 
g) 90°. 
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Figure 6.24. Normalised bimaterial SIF modulus versus normalised load for compact 
tension specimen at each load angle, a=30mm. a) _90°, b) -60°, c) -30°, d) 0°, e) 30°, 
f) 60°, g) 90°. 
203 
Chapter 6' Bimaterial Crack Experimentation. 
BimateriaUHomogeneous KI, KII Comparison a = 3Smm. 
a=35mm '1'=-90 Deg 
~ 
[:: 2.5 ~ '" .., 1.5 iI 11 ill ilIi .. l1li It It .. ~ 
• • • • ;; 0.5 
e 
-0.5 
--+-Norm KI Dirnat 
-
'" Z 
-1.5 ----Norm KII Dimat 
0.25 0.50 0.75 1.00 -*-Norm KI Horn 
Normalised Load -X-Norm KII Hom 
(a) 
a=35mm '1'=-60 Deg 
~ 
... 2.5 ~ -'" .., 1.5 
.. ~ ~ 
- 0.5 ;; 
e 
-0.5 -+-Norm KI Dimat 
-'" Z 
-1.5 --Norm KII 8lma! 
0.25 0.50 0.75 1.00 -*-Norm KI Horn 
Normalised Load ~Norm KII Horn 
(b) 
a=35mm '1'=-30 Deg 
+ 
... 2.5 .~ 
- ... 
'" .., 1.5 
.. 
":::4 ~ ~ 
;; 0.5 
e 
-0.5 
-+-Norm KI Dimat 
-
'" Z 
-1.5 '--'Nor-m KII Dlrnat 
0.25 0.50 0.75 1.00 -.- Norm KI Horn 
Normalised Load ~Norm KIIHom 
(c) 
204 
Chapter 6' Bjmaterial Crack Experimentation 
a=35mm '1'=0 Deg 
+ 
... 2.5 : ~ - t '" pt • ... 1.5 t ~ t • 
" 
~ t= • .- 0.5 .. 
e 
-0.5 
-+-Norm KI81ma! ~ 
.. 
Z 
-1.5 --Norm KII 8lma! 
0.25 0.50 0.75 1.00 -'-Norm KI Horn 
Normalised Load ~Norm KIIHom 
(d) 
a=35mm '1'=30 Deg 
.,. 
... 2.5 
• 
r;; 
• • 
-4 
... 1.5 to: III • ~ 
.. • • +~ .. I 
- 0.5 .. 
e 
-0.5 -+-Norm KI 8lma! ~ 
.. 
Z 
-1.5 ---Norm KII 8imat 
0.25 0.50 0.75 1.00 -'-Norm KI Hom 
Normalised Load -X-Norm KII Hom 
(e) 
a=35mm '1'=60 Deg 
"}f 
... 2.5 ~ -'" ...---t a =t ... 1.5 :a=r= t III ~ ,. ~ ~. 
- 0.5 
.. 
e 
-0.5 ~ --+- Norm KI8imat 
.. -,.. 
Z 
-1.5 --- Norm KII Dimat 
0.25 0.50 0.75 1.00 ---.- Norm KI Hom 
Normalised Load ~Norm KII Horn 
(t) 
205 
Chapter 6· Bimaterial Crack Experimentation. 
a=3Smm "'=90 Deg 
... 
::: 2.5 
• '" ." 1.5 .. + ~ - 0.5 ;; 
e It 
" 
-+-Norm KI81mat 
.. -0.5 It 
" 
!I! !I! I! .. 
" 
I! It--..x z 
-1.5 -------Norm KII 8imat 
0.25 0.50 0.75 1.00 -A-Norm KI Horn 
Normalised Load ~Norm KII Horn 
(g) 
Figure 6.25. Normalised bimaterial SIFs versus normalised load for compact tension 
specimen at each load angle, a=35mm. a) -90°, b) -60°, c) _30°, d) 0°, e) 30°, f) 60°, 
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Figure 6.26. Normalised bimaterial SIF modulus versus normalised load for compact 
tension specimen at each load angle, a=3Smm. a) _90°, b) _60°, c) _30°, d) 0°, e) 30°, 
t) 60°, g) 90°. 
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Figure 6.27. Nonnalised bimaterial SIFs versus nonnalised load for compact tension 
specimen at each load angle, a=40mm. a) -90°, b) -60°, c) -30°, d) 0°, e) 30°, f) 60°, 
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Figure 6.28. Nonnalised bimaterial SIF modulus versus nonnalised load for compact 
tension specimen at each load angle, a=40mm. a) -90°, b) -60°, c) -30°, d) 0°, e) 30°, 
f) 60°, g) 90°. 
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Figure 6.29. Nonnalised bimaterial SIFs versus nonnalised load for compact tension 
specimen. Repeat test at a=30mm. a) _90°, b) -60°, c) _30°, d) 0°, e) 30°, f) 60°, g) 
90°. 
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Behaviour of the Phase Angle for the Test Geometries. 
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Phase Angle versus Normalised Load a=3Smm 
~ 
____ '1'=-90 
c 
= 1.58 t • • • • • • • • • • :;; ___ '1'=-60 
= 0.79 ~ ~ -'-'1'=-30 ~ ~ 0 
.. ~ 
~'I'=O 
c 
..: -0.79 -lIE-'I' =30 
~ 
~ 
-1.58 __ '1'=60 = 
.c 
... 0.25 0.50 0.75 1.00 -1-'1'=90 
Normalised Load 
(d) 
Phase Angle versus Normalised Load a=40mm 
~ 
~ 
____ '1'=-90 
c 
= 1.58 :;; ~ ___ '1'=-60 = 0.79 ~ -'-'1'=-30 
~ 0 ~'I'=O .. 
c ~ 
..: -0.79 -lIE-'I' =3 0 
~ I I I I I I I I I I I ~ 
-1.58 __ '1'=60 
= .c 
... 0.25 0.50 0.75 1.00 -1-'1'=90 
Normalised Load 
(e) 
Figure 6.30. Phase angle versus nonnalised load at each loading angle. a) a=20mm, b) 
a=25mm, c) a=30mm, d) a=35mm, e) a=40mm. 
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Figure 6.31. Phase angle versus normalised load, applied in remote tension. a) 
Bimaterial compact tension tests for IjI = 0°. b) Bimaterial Three-point-bend tests. 
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CHAPTER 7: 
DISCUSSION AND CONCLUSIONS. 
In this chapter the thesis is discussed. The experimental work reported in this thesis 
can be split into three main areas. These are the development oJ a Jull field automated 
photoelastic data collection technique, the development oJ a Jully automated SIF 
determination technique using Jull field weighted photoelastic data and the 
application oJ the techniques in the determination oJ bimaterial SIFs. These three 
areas correspond to Chapters 4, 5 and 6. A brieJ discussion oJ each has already been 
given toward the end oJ its respective chapter. Here, a general discussion oJ the 
research is presented. The discussion brings to light areas which require Jurther 
research, suggestions Jor which are made. Finally the conclusions resulting Jrom this 
research are presented. 
7.1 Introduction. 
The primary aim of this research was the experimental study of fracture parameters 
for the bimaterial interface crack. A general literature survey of publications 
regarding the bimaterial interface crack revealed a disproportionate amount of 
theoretical, numerical and finite element analyses, compared to equivalent 
experimental studies. Validation of such theoretical studies with thorough 
experimentation was required, and has been attempted throughout this research. 
A further review of experimental methods used to study the bimaterial crack showed 
that the techniques of caustics, interferometry, coherent gradient sensing and 
photoelasticity had been applied. Of these techniques, the use photoelasticity had only 
been reported by a limited number of researchers which was surprising as the 
technique was well established in the study of the homogeneous crack. The literature 
showed a substantial development of the use of photoelasticity in the determination of 
220 
Chapter 7- Djscussion and Conclusioos 
SIFs from its initial use in the late 1950's to the present. The reported attempts to 
determine SIFs for the bimaterial crack have utilised the latest developments of 
techniques applied to the homogeneous case. Following an assessment of photo elastic 
method of SIF determination for the homogeneous crack, an advance has been made 
on existing techniques. Consideration of recent attempts to determine bimaterial SIFs 
showed how to apply the technique to the more complex problem of the bimaterial 
crack. 
Methods of automated photoelastic data collection were also investigated. The 
literature revealed that significant progress towards an ideal system have been made 
over the last decade. In particular two methods have been adopted, these are the phase 
stepping approach and the three wavelength approach. Both were found to be limited 
and an improved alternative has been developed. 
7.2 Automated Photo elastic Data Collection Technique. 
Having decided on the use of photoelasticity as the experimental technique, methods 
by which it had been previously applied to the field of fracture mechanics were then 
researched. The use of photoelasticity may be split into two areas; data collection and 
data analysis. In this first section data collection is discussed. 
A review of relevant literature, revealed a considerable amount of research effort in 
the automation of full field photoelastic data collection. Automation is considered 
desirable due to the time consuming nature and high levels of skill required for 
manual methods. For the purposes of this research a full field automated data 
collection system was not essential but would significantly reduce the analysis time, 
increase the depth of study achievable in the available time and allow stress analysis 
from a continuous field surrounding a crack tip. In addition to these practical 
requirements the literature showed that the two general approaches of phase stepping 
and three wavelength automated photoelastic data collection to be areas clearly 
requiring the solution of inherent problems. Whilst there have been attempts to 
resolve the problems inherent with both approaches it was felt that efforts would be 
better directed towards the development of an alternative methodology. 
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A full field photo elastic data collection technique was developed for the data 
collection purposes of this project, however its success and superiority over previous 
techniques provide the opportunity for its application to many stress analysis 
problems. The technique has been presented in Chapter 4, where both the background 
theory and an experimental evaluation are reported. The experimental evaluation took 
the form of the determination of both the isochromatic and isoclinic parameters for 
two engineering problems, a disc-in-compression test and a square-bar-in-torsion 
test. 
The literature shows the disc-in-compression to be a standard method with which to 
test photoelastic data collection techniques. High stresses are generated at the load 
points yet comparatively low stresses remain at the centre of the disc. Therefore the 
problem requires analysis of a broad range of stress differences. Additionally the full 
range of principal directions is created by the problem. For the disc-in-compression 
tests excellent agreement with theory was observed for the principal stress difference 
along the horizontal and vertical axes of the disc. Experimental full field images for 
the isochromatic and isoclinic parameters were also in agreement with those 
generated using elastic theory. 
The square-bar-in-torsion was used to demonstrate the use of the technique with 
reflection photoelasticity. For this geometry the principal directions on the surface of 
the bar are constant at ± 45° to the longitudinal axis of the bar. This case highlights an 
area of concern for phase stepping algorithms as the isoclinic angle is only defined in 
the - 11: < e $; 11: range. Using the load stepping technique, isoclinics are defined in 
4 4 
the full range - 2: < e $; 2:. The load stepping routine performed well in the analysis 
2 2 
of the square-bar-in-torsion demonstrating both its applicability to use with reflection 
photoelasticity and the absence of limitations ascociated with the phase stepping 
approach. 
It has been shown in section 4.5.4 that if small errors exist in the applied load steps, 
the most likely cause of error in the load stepping procedure, the load stepping 
algorithm is robust in the accurate determination of the isochromatics 
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Concern may be directed toward the effect of the load steps on the speCImen, 
particularly in high stress regions. The load stepping theory assumes that over the 
incremental load steps the strain in the material causes negligible pixel mis-mapping. 
For any specimen considered the load stepping routine will fail if equivalent pixels 
are not mapped over each other throughout the data collection stage. Therefore the 
load steps must be sufficiently small. If this assumption is violated the pixel positions 
for the series of load stepped images used to generate the phase maps of the 
isochromatic and isoclinic parameters will not be mapped over each other. The 
additional requirement that ou<1t, similarly requiring a small load step in high stress 
regions maintains the assumption of insignificant mis-mapping between load steps. 
Movement of either the CCD camera or specimen during the data collection period 
also causes mis-mapping of pixels. If this occurs then the operator would be aware of 
such a problem as incomprehensible phase maps result. 
Despite any concern the user may have regarding the application of the load stepping 
approach it remains a significant advance on the approaches of phase stepping and 
three wavelength photoelasticity. The load stepping routine may also be employed 
with a wavelength step as oppose to a load step. This requires more complex 
instrumentation, but any concerns with using a load step are alleviated. 
With regard to the analysis of crack tips, the technique was applied to a homogeneous 
crack geometry (for which theoretical solutions exist for comparison), as described in 
the following section. Results obtained agree well with those predicted by theory. 
Load stepping was hence considered applicable, ahead of others, as the automated 
photoelastic data collection technique for the stress analysis of cracks. 
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7.3 SIF Determination Technique. 
7.3.1 Application to the Homogeneous Crack. 
A literature review of this area revealed a thorough development of the detennination 
of SIFs using photoelastic data. The progression from mode one SIF detennination 
using a single data point, to mixed-mode SIF detennination using multiple points 
from full field photoelastic data was studied. For the purposes of this work pure-mode 
and mixed-mode SIFs require calculation. The accepted method by which to achieve 
this is by adopting the MPODM of Sanford and Dally (1979) which solves a suitable 
stress field solution for a crack tip using photoelastic data and a least squares iterative 
fitting routine. The technique is applicable to SIF detennination using full field 
automated data as an unlimited number of points may be used. In previous studies on 
the homogeneous crack, a homogeneous stress field solution has been used, for 
example that proposed by Westergaard (1939). In this study, primarily an 
investigation of the bimaterial crack, equations proposed by Williams (1959) were 
used to describe a bimaterial stress field. Substitution of equal material properties 
reduced the solution to that of the homogeneous crack. 
In detennining SIFs from photoelastic data, one major consideration exists. This 
remains unsolved by previous research. Data close to the crack tip is subject to the 
effects of three-dimensional stresses and plasticity. Far field data is subject to 
additional factors other than the effect of the crack tip. In between these two regions 
exists the so called linear zone. Data must be gathered from this zone to °allow a linear 
first order stress field solution to be used to detennine SIFs. 
Having accepted the use of linear zone data in the detennination of SIFs, methods of 
extracting data from the linear zone were investigated. The literature revealed no 
conclusive method by which to detennine the linear zone except for the method 
proposed by Schroedl and Smith (1975). This approach detennines the linear zone by 
examination of the photoelastic data along a line beginning at the crack tip and in a 
direction perpendicular to the direction of the crack. This approach is one dimensional 
and inapplicable for use with full field data, hence an alternative approach was 
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required. The use of second order terms as applied by Nurse and Patterson (1990) was 
not chosen as the increase in variables adversely affects the convergence of the 
solution and the second order terms may not describe the near and far field effects. 
The assumption was made that if the data is only valid in the linear zone for linear 
equations, then in such a zone there must be a good fit between the experimental data 
and the theoretical solution. The residual of the iterative fitting routine in the 
MPODM of Sanford and Dally (1979) was used to define a best fit zone. This best fit 
zone was identified and was found to form a defined crescent surrounding the crack 
tip, analogous to the one-dimensional region found be Schroedl and Smith (1975). 
Further work is required to validate whether the best fit zone and the linear zone are 
the same. The evidence that the best fit zone occupies an annular region a finite 
distance from the crack tip is encouraging. The defined shape of the zone, its constant 
shape and size regardless of load and data collection regions for a given specimen are 
similarly encouraging and warrant further investigation. In this thesis it was assumed 
that the best fit zone data whilst, not being the linear zone, comprised data from it. In 
order to provide a robust fit between the experimental data and the theoretical 
solution the data was weighted as a function of its radius from the crack tip. This 
provided improved convergence of the iteration, improved definition of the best fit 
zone and resulted in constant SIF solutions regardless of data set selection. 
The full field automated determination technique developed during this research is 
presently the most advanced technique available. No obvious weaknesses have been 
found with the developed algorithm. The technique is an improvement on the 
previous attempt by Haake et at (1994). An improved data collection· technique is 
used and data from a best fit zone is used in SIF determination. The solution of the 
routine is also more robust, less variables require determination as second order terms 
are not used and use of weighted data further improves the technique. 
7.3.2 Application to the Bimaterial Crack. 
Having improved on prevIOus photoelastic data collection techniques and SIF 
determination routines, the main area of the research was tackled by their application 
to the study of the bimaterial crack. As stated above, there are only limited reports of 
the use of photoelasticity in the study of the bimaterial crack. The most thorough 
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being that of Lu and Chiang (1993). Bimaterial crack tip SIF determination differs 
from that of the homogeneous crack for the following reasons. The material mismatch 
at the interface results in a complex definition of the SIF. As a result the components 
of the SIF do not uniquely define the opening and shearing modes and are therefore 
inseparable. The bimaterial SIF modulus requires determination from within the 
linear zone, as with the homogeneous crack but in addition to this its components 
require determination from a given radius centred at the crack tip. Combination of the 
use of full field automated data and the used of best fit data was used in accordance 
with this requirement. As with determination of homogeneous SIFs it was assumed 
that the best fit zone was within the linear zone hence determination of the bimaterial 
SIF modulus from best fit zone data was valid. It was also noted that the best fit zone 
data formed a crescent which although not perfectly circular was of the order of 
r/a=O.1 from the crack tip. A study of the behaviour of the real and imaginary 
components of (r I at over a limited range of r/a showed (r I at to be constant. It 
was therefore considered acceptable to determine the components of the bimaterial 
SIF from and defined in the best fit zone given that this was restricted to the limed 
range of 0.075~r/~0.15. This agrees with the finite element analysis of O'Dowd et af 
(1992) who showed the limit of the linear zone to be of the order r/a = 0.1 in certain 
cases. 
Past studies of the bimaterial crack both phototelastically by Lu and Chiang (1993) 
and numerically by Shih and Asaro (1988) have suggested that along the interface 
shear stresses develop along under remote tension. This has been attributed to the 
moduli mismatch at the interface. Whilst this is true along the interface it is plausible 
that a similar effect exists through the thickness. Nakamura (1991) has shown that 
even for thick plates relatively large deformations exist along the crack front. This 
aspect of three dimensionally has not been considered in this research and is a subject 
for future research. 
The repeat tests for the bimaterial compact tension specimens show that the SIF 
determination routine is robust in obtaining bimaterial SIF measurements. For the 
repeat tests performed for specimens with a= 30mm repeat results were found to be 
in agreement with those originally measured. 
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7.4 Bimaterial Crack Tip SIFs. 
In this part of the discussion the results of the bimaterial crack experimentation 
presented in section 6.7 are considered. Observations from these results have been 
made in section 6.8. By way of assessing the results with respect to similar work in 
this field comparisons are made with the experimental work of Lu and Chiang (\993) 
and Ahmad et at (1996), the finite element analysis of Shih and Asaro (\988) and 
(1989). The work of Lu and Chiang (\993) is the most up to date study of the 
bimaterial crack using photoelasticity. Lu and Chiang (1993) studied a centre cracked 
panel, whereas this report has detailed the study of three-point-bend and compact 
tension specimens. Despite the. differences in specimen geometry comparisons 
between the results obtained may still be made. The depth of experimental study 
reported in this thesis is much greater than that reported by Lu and Chiang (\993) 
who studied the centre cracked panel over three remote tensile loads. This enables 
comparison over only a limited range of examples. The finite element analyses of 
Shih and Asaro (1988) (1989) and Shih et at (199\) despite being a decade old 
remains a significant series of reports and is a standard numerical analysis with which 
to make comparisons. Indeed the recent work of Fang and Bassani (\995) validated 
the work of Shih and Asaro (1988). 
The work of Lu and Chiang (1993) and the initial report of Shih and Asaro (1998) 
considered the centre cracked panel subjected to remote tension. This loading 
condition corresponds to the three-point-bend tests and the compact tension tests 
where \jI = 0° and is a suitable area to begin comparisons. 
For three remote tensile loads Lu and Chiang (1993) measured the bimaterial SIP 
modulus over a range of radii from the crack tip within the linear zone. Similar to the 
results reported in section 6.7, the SIF modulus was observed to increase with 
increasing load. Study of the results presented by Lu and Chiang (1993) also shows 
that their SIF moduli values are consistent over the range O.05:>r/a:>O.15. This is in 
excellent agreement with the range of the best fit zone observed for bimaterial cracks 
studied in this thesis, and also with the work of O'Dowd et at (1992). 
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For each of the three applied loads Lu and Chiang (1993) present measured phase 
angle over a range of radii from the crack tip alongside the theoretical solution of Sih 
and Rice (1964). As expected the theoretical solution is seen to reduce as the radius 
from the crack tip is increased indicating the effect of the (r / a) i, component in the 
bimaterial SIF definition. Lu and Chiang (1993) in contrast to the theoretical solution 
show the phase angle to be constant over the investigated range of 0.00~/a:s;0.15. 
This fits in with the discovery reported in section 6.3.3 that the best fit zone is 
unaffected by the extent of the data collection zone and the assumption that over the 
range of the best fit zone (r / a) i, • is constant due to the small magnitude of E. At the 
two higher applied loads the phase angle is equal to zero, indicating the presence of 
the real components in KI. At the lower load a small phase angle of _5° was reported 
indicating the presence of imaginary components KII. Whilst Lu and Chiang (1993) 
report that the residual stress created during the bonding of their specimens to be 
negligible, it is reasonable to suggest that at low loads such a residual to be more 
apparent than at high load and be responsible for the small phase angle measured. 
Shih and Asaro (1988) report that for a fixed intensity of remote loading the stresses 
near the tip of a bimaterial crack are generally lower than those for a homogeneous 
equivalent. This is again true for the results reported in section 6.7. For the three-
point-bend tests the bimaterial KI SIFs are slightly lower (approximately 80%) of 
theoretical predictions for equivalent homogeneous specimens. For the compact 
tension tests subjected to remote tension the measured SIPs are similar to those for 
the homogeneous tests in that the field is dominated by the opening mode. As with the 
three-point -bend tests and the observation of Shih and Asaro (1988) the bimaterial KI 
SIFs are slightly lower than those measured for the homogeneous case. This is true 
only for loading angles where -90!>'I'!>0 though the effect of changing the loading 
angle will be addressed later. 
The presence of KII at lower loads under applied remote tension was also observed by 
Shih and Asaro (1988). Further to the results presented by Lu and Chiang (1993) Shih 
and Asaro (1988) show that very low remote stress levels result in a stress field 
associated with that of a homogeneous crack subject to shearing loads. Shih and 
Asaro (1988) go on to show that the degree of mixity at the crack tip changes as the 
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level of plasticity, and the intensity of the remotely applied load, increases. As stated 
earlier they show that for small applied loads, the stress field to be similar to a 
shearing mode stress field in a homogeneous crack At higher applied loads the stress 
field is found to be essentially the same as pure opening mode for the homogeneous 
crack. But for the dominance of the shearing mode at low remote loads this fits in 
with the results of Lu and Chiang (1993). A decrease in phase angle is not shown in 
the results presented in section 6.7. However the dominance of KI at higher loads and 
a similarity to the homogeneous SIFs is shown by all results. 
As reported in section 6.8 the effect of applying mixed-mode loading by loading the 
specimen at varying angles shows some discrepancies between the bimaterial and 
homogeneous crack SIFs. For a homogeneous crack loadec! at ±\lfo the opening mode 
SIFs remain the same and the shearing mode SIFs remain of equal magnitude but are 
of opposite mathematical sign due to the notation of the stress field solution. This is 
not so for the bimaterial case. Lu and Chiang (1993) did not extend their analysis to 
study mixed-mode loading, hence comparisons can only be made with the work of 
Ahmed et at (1996) and the analysis of Shih and Asaro (1988) and (1989). 
The main observation with regard to the effect of the influence of loading angle 
reported in section 6.8, is that unlike the case of the homogeneous crack the stress 
field is not symmetrical for ±IV. In particular it is found that for negative loading 
angles IV = -90° _60° and -30° and at normally applied remote loads the measured 
values of KI are lower than the respective values of K I for the homogeneous case. 
For the positive loading angles IV = 30° 60° and 90° the reverse is true, KI being 
slightly higher than K I . For all loading angles KII is slightly lower in magnitude than 
K". This behaviour manifests itself in the SW moduli as described in section 6.8. A 
possible explanation for this is as follows. Consider the behaviour of the specimen 
components along the unbonded interface. For simplicity assume that the aluminium 
component does not deform, relative to the epoxy component whose Young's 
modulus is much smaller. When loaded negatively, finite deformations in the epoxy 
component are likely to cause crack closure as the epoxy face interacts with the 
aluminium face. This would reduce the magnitude of the opening mode component. 
When loaded positively, the reverse is true, deformation in the epoxy component is 
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likely to enhance crack opening and increase the opening mode component. This 
behaviour is unlikely to significantly affect the shearing mode. This concept is offered 
purely as a possible explanation. Thorough non-linear material and geometrical finite 
element analysis of the compact tension geometry is required to both validate the 
measured SIFs and to conclusively explain the behaviour observed. As stated in the 
literature review such an analysis is too complex and beyond the scope of this project, 
as it would form an extensive research programme in its own right 
To a certain extent this behaviour may be observed in the results presented by Shih 
and Asaro (1988) and (1989). In the second paper plastic zones and stress contours 
for a weak elastic-plastic material bonded to a strong elastic plastic material are 
presented for IjI = 0° IjI = ±30°, IjI = ±60°. The results show a difference in both the 
plastic zone and stress contour for equal and opposite loading angles. Graphs of the 
normalised stresses for a similar specimen show higher stress components along the 
interface for IjI = 30° than for IjI = -30°. It is also noticeable that the stresses, certainly 
in the weaker material for IjI = 30° are similar in magnitude to those for IjI = 0°. 
Similar results for IjI = 60° are not presented so confirmation by Shih and Asaro 
(1989) that the stresses at the bimaterial crack exceed those for the homogeneous 
crack for positive loading angles is not possible. For the cases of IjI = ±90° Shih and 
Asaro report identical results for each direction but for a change in sign of the 
stresses. This is true for the results presented in section 6.7 except for the short crack 
lengths where, when loaded at IjI = 90° a dominance of Kl is observed as described in 
section 6.8. 
Ahmad et al (1996) used caustics to measure bimaterial SIFs for a compact tension 
specimen loaded at various angles. The specimen geometry and the component 
materials used were similar to that used in this research study. In order to assess their 
experimental findings Ahmed et al (1996) compared their results to theoretical 
solutions given by the analysis of Suo and Hutchinson (1989). This theoretical 
analysis may be summarised as follows. 
For a homogeneous compact tension specimen theoretical SIFs are given by equations 
(7.1a and b) 
230 
Chapter 7· Piscussion and Conclusions. 
(7.la) 
(7.1 b) 
Where ~ Cl" yy IS the stress on the remote boundary and Y I , YII are geometry 
dependant terms: 
0.26 + 2.6i a ) 
1 -'\W-a Y, =---1 ------------,-
1- w
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I 
2 
I 
2 
(7.2a) 
(7.2b) 
As explained in section 6.1, for the experiments conducted throughout this research, 
concern was directed towards the effect of the jig used to load the specimens over the 
range of angles. It was considered that the jig may not represent the loading condition 
assumed by theory. Hence comparisons, observed in section 6.8, were made with 
experimentally obtained homogeneous SIPs. In hindsight it is worth noting that 
despite such concerns, experimentally obtained SIFs for the homogeneous case were 
in agreement with those predicted by the above theory. 
The interpretation of the interface SIP given by Suo and Hutchison (1989) relates the 
homogeneous or far field SIP to the bimaterial SIP by mUltiplication of a constant P 
dependant on the component material properties and a phase shift. KI and KII are 
expressed as: 
231 
Chapter 7- Discussion and Conclusions 
Kl = PY, cr..{i;. cos( IjI + ID) (7.3a) 
KII = PY" cr..{i;. cos( IjI + ID) (7.3b) 
Where ID is the phase shift which is small for the material combination used, hence 
the interface SIFs are dependant on P. P is a function of the Dundurs (1969) 
parameters Cl D and [3 D : 
(7.4) 
Where Cl D and [3 D are defined for plane stress as: 
(7.5a) 
(7.5b) 
h _ 3- v, were K, -
I + v, 
3- v 
and K, = ' 
I + v, 
In the above analysis P is constant regardless of the applied loading conditions. The 
comparisons made by Ahmad et at (1996) are similar to those made in this thesis, the 
difference being that Ahmad et at (1996) multiplied their homogeneous predictions 
by P in order to provide theoretical bimaterial SIFs. This was not done for the results 
presented in section 6.7 as it is obvious that the bimaterial SIF do not differ from 
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homogeneous SIFs by a constant parameter. As clearly shown by the graphs 
comparing bimaterial with homogeneous SIF-moduli; ·thedifference between the two 
varies with varying loading angle IV. 
For the material combination used in this work and that of Ahmad et at (1996), P is 
equal to 1.4 using equation (7.4). From Figs. (6.20), (6.22), (6.24), (6.26), (6.28) it is 
possible to calculate the apparent P, PAPP by dividing the bimaterial with tbe 
homogeneous SIF modulus. The results of this comparison are presented in Fig. 7.1. 
It is clear that P APP is not constant over the range of loading angles, hence it may be 
concluded that in contrast to the experimentally obtained SIFs of Ahmed et at (1996) 
the interpretation of the bimaterial SIF presented by Suo and Hutchinson (1989) does 
not agree with the results presented in section 6.7. In support of the results presented 
in section 6.7, it is worth considering that P is a function of the elastic material 
properties and that the elastic/plastic finite element analyses of Shih and Asaro (1988) 
and (1989) indicated differences between loading a specimen at IV = ±30° ±60°. 
The case for remotely applied tensile loads for the three-point-bend and compact 
tension tests with IV = 0° has been identified as a special case in section 6.8. The 
evidence suggests that that the phase angles are non-linear with respect to load for 
such geometries. A probable cause of this is the development of a plastic zone around 
the crack tip. Shih and Asaro (1988), (1989) have considered such elasto-plastic 
issues in the so called small scale yielding zone. Similar to Rice (1988) Shih and 
Asaro (1988), (1989) concluded that the characteristic dimensions of the plastic zone 
depends on the following: 
• The complex SIFs. 
• The yield strength of the weaker material. 
• The ratio of the yield strengths, strain hardening coefficients and ratio of elastic 
constants. 
Shih and Asaro (1988) and Zywics and Parks (1989) determined expressions for the 
Von Mises equivalent stress field around a bimaterial crack tip. From this an 
approximate solution to the small scale plastic yield zone was derived by equating the 
elastic Von Mises stress field with the constituent material's yield strength. The small 
scale yield interfacial load phase angle was defined as: 
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(7.6) 
where cr '" is the yield strength of the weaker material, and K B; is the complex 
conjugate of KB1 • The interfacial load angle characterises the overall applied load 
phase by combining the oscillating phase proportional to the modulus of K B;, due to 
the increase in plastic zone size, with the phase angle of K B;·. 
Equation (7.1) may be expressed in the form: 
(7.7) 
where ~ E and ~ p are the elastic and plastic components of the loading phase angle. 
In this study the elastic component is assumed to be constant. Therefore any change 
in the measured phase angles is likely to be due to a change in ~ p , in that as the load 
increases, the increase in the size of the plastic zone affects the loading phase angle. 
This hypothesis can be tested by calculating the change in the loading phase angle due 
to ~ p over the applied range of loads for both bimaterial geometries loaded in remote 
tension. The value of cr '" is input as 80MPa for the epoxy as determined from Fig. 
6.14b. The change in ~o, for the range of applied loads is calculated to be an angle of 
the order of +0.23 radians for the compact tension geometries and +0.17 radians for 
the three-point-bend specimens. Fig 6.31 shows these calculated values to be 
reasonable estimates for the change in phase angle for both cases. 
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7.5 Future Work. 
As with the discussion, the suggestions for further investigation will be split into the 
areas of automated photoelastic data collection, SIF determination, and future 
research regarding the experimental study of the bimaterial crack 
7.5.1 Automated Photoelastic Data Collection Technique. 
Future work is in this area is required in the development of the technique in two 
areas, firstly the automation of the experimental hardware, secondly the application of 
the technique using three wavelengths. 
The analysis time of the technique could be further reduced by the automation of the 
polariscope elements by incorporating computer controlled stepper motors to rotate 
the output elements. This automation could extend to the loading frame in the 
application of the load steps. Further to this the solution routines used to determine 
the isoclinic and unwrapped isochromatic phase maps may be linked to the system. 
The technique has the potential to determine isoclinic and isochromatic parameters 
over a range of nominal loads for a given specimen with minimal user input. 
The form of the technique for use in the work reported in this thesis has utilised load 
stepping. The technique may also be applied by replacing the load steps with three 
incremental wavelength steps. With three wavelengths there is no concern that the 
load steps may cause significant pixel mis-mapping to adversely affect the results. In 
addition a three wavelength approach allows the analysis of frozen stress specimens, 
and residual stresses. This form of the technique may be used for geometries where 
the addition of incremental load steps would be problematic. Three wavelength 
stepping requires no alteration to the theory or the algorithm, however additional 
optical equipment is required. Future development of this fonn of the technique 
would add value to it. 
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7.5.2 SIF Determination Technique. 
The work in developing existing SIF determination routines has resulted in 
improvements on existing techniques. There are no known examples of the use of 
weighted data in the determination of SIFs nor are there any known reports of the 
crescent shaped best fit zone reported in this thesis. Further investigation of the best 
fit zone is required in order to determine how close it compares to the linear zone. In 
order to achieve this, several crack geometries require investigation. In order to 
determine the linear zone for comparison with the best fit zone the method of 
Schroedl and Smith (1975) may be employed. The approach must be extended to 
determine the linear zone at a range of angles with respect to the direction of the 
crack, as oppose to one-dimensional line perpendicular to it. 
7.5.3 Bimaterial Crack Tip Studies. 
The extensive study of the bimaterial crack reported in chapter six serves two 
purposes. Firstly it may been used to validate numerical analyses. As reported above, 
some of the results reported by Shih and Asaro (1988) and (1989) are evident in the 
results reported in section 6.7. Secondly the results may be used to further develop 
finite element procedures. The literature details various methods by which to 
determine SIF using finite element analysis. Initial development may take the form of 
a linear elastic finite element analysis, however subsequent work must apply elasto-
plastic analysis as used by Shih and Asaro (1988) and (\989). Specifically, continued 
finite element analysis regarding the effect of applied mode mixity is required to 
validate the results in section 6.7 .. 
From an experimental consideration the study of three·dimensional SIFs requires 
further work. This can be studied using the technique of stress freezing and slicing 
specimens in order to study stresses through the specimen thickness. Full field 
photo elastic analysis of such specimens requires the development of the load stepping 
technique for application with three wavelengths. 
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7.6 Conclusions. 
The conclusion section will again be split into three sections covering the areas of 
automated data collection, SIF determination and bimaterial crack tip SIFs. 
7.6.1 Automated Photoelastic Data Collection Technique. 
1) The Load Stepping technique allows the isochromatic parameter to be determined 
without the problem of isochromatic-isoclinic interaction inherent in phase stepping 
procedures. 
2) The isochromatic parameter can be determined to a very high accuracy up to a 
limit determined by the incremental load step used. There is no need for use of an 
auxiliary technique to calibrate the phase map of the isochromatic parameter. Since 
the upper limit for a. for a given load increment is given by a.';m;t = 1t(P / liP) it is 
possible to calculate that a load increment of 2.5% gives an upper limit of 
a.';m;t = 401t or 20 fringe orders. This is far beyond the elastic limit of the modern 
epoxy resins used for' live' photoelastic tests often quoted as a value between 10 and 
14. Therefore, a load increment of between 10 and 2.5% should suffice for the 
majority of photoelastic analyses. 
3) It is possible to obtain experimental results for the isoclinic angle in the correct 
1t 1t 
range -- < e ~ -. 
2 2 
4) The capabilities of load stepping photoe\asticity have been demonstrated using 
both a transmission and reflection polariscope. 
5) The ideal requirements of an automatic photoelastic technique stated in Chapter 4 
been met almost entirely. 
6) Theoretically the technique can be used with a wavelength step instead of a load 
step. Experimental equipment required to achieve this would be more complex, but 
the algorithm would remain generally the same. Use of a wavelength step would 
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eliminate the need to apply additional load steps and would allow analysis of stress 
frozen specimens, and the study of residual stresses. 
7.6.2 SIF Determination Technique. 
I) Load stepping photoelasticity is effective in collecting photoelastic data from a 
crack tip specimen in order to that SIFs may be determined. 
2) For the three-point-bend and angled edge crack geometries, the experimental SIF 
results compare well with accepted theoretical solutions. 
I 
3) Use of a weighting function of r 2 results in a robust fit of the experimental data 
to the theoretical solution. 
4) The SIF determination routine produces repeatable results. 
5) The SIF determination routine performs well in the determination of SIFs for crack 
geometries for which accepted theoretical solutions exist, hence it was used with 
confidence in the determination of SlF for the less well understood case of the 
bimaterial crack. 
7.6.3 Bimaterial Crack Tip SIFs. 
I) The SIF determination technique is applicable to bimaterial interface problems. 
2) Tests have shown the SIF determination technique to produce repeatable results. In 
repeatability tests conducted during this work, secondary test results were between 5 
and 10% of initial tests results. 
3) The size of the outer radius of the data collection zone does not effect the 
calculated SIF values if a weighting function is used. 
4) Qualitatively the results presented in section 6.7 and described in section 6.8 for 
remote tensile loads agree with those presented by Lu and Chiang (1993). Agreement 
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is also observed with Shih and Asaro except at low applied loads. At higher applied 
loads the SIF mcasured are similar to those measures for an equivalent homogeneous 
specimen. 
5) For various levels of applied load angles the KI SIF is not the same for equal and 
opposite loading angles. Compared to equivalent homogeneous values for K" KI is 
higher for positive loading angles and lower for negative loading angles. In contrast 
KII for all load angles is lower than equivalent values for K II. This causes the 
bimaterial SIF modulus to vary in magnitude with respect to an equivalent 
homogeneous SIF modulus over a range ofloading angles. 
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7.7 Figures. 
Apparent P for each Load Angle versus Crack Length 
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Figure 7.1 Apparent P for each load angle versus crack length. 
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APPENDIX 
Tables of results for graphs shown in Chapter 6, Bimaterial and Homogeneous Compact Tension Tests and Three-Point-Bend Tests. Results are 
3 
not normalised. Units of SIFs are Nmm 2. 
1\-254 
Dlnntu:rnu ,"-ulupaCt I emSluu ~Ir n.nult~ 
a=20mm 
-90 Degrees -60 Degrees 
Load KI KII KI KII 
(kl!) Bimat Bimat Bimat Bimat 
20 0 0.7 0.7 1.5 
24 0.4 0.9 0.6 2.2 
28 0.4 1.6 1.3 2.7 
32 0.5 1.9 0.6 2.6 
36 0.5 2.1 1 3.3 
40 1.2 2.1 1.5 3.7 
44 1.4 2.9 1.7 4.2 
48 1.3 3.1 1.8 4.5 
52 1.3 3.8 2.2 5.4 
56 1.2 3.7 2.3 6.2 
60 0.7 3.9 2.8 6.3 
Bimaterial Compact Tension SIF Results 
a=25mm 
-90 Degrees -60 Degrees 
Load KI KII KI KII 
(kl!) Bimat Bimat Bimat Bimat 
20 -0.2 2.8 0.9 3.7 
24 -0.3 3.7 1.7 3 
28 0 3.8 2.4 3.3 
32 -0.1 4.1 2.3 3.9 
36 0.4 4.5 2.7 4.1 
40 0.7 5 3.3 4.8 
44 0 7.3 4.2 5.7 
48 0 6.4 3.9 6.8 
52 -0.2 6.9 4.6 9.1 
56 0 7.3 4.4 7.5 
60 0 8 3.4 7.7 
-30 Degrees 0 
Degrees 
KI KII KI 
Bimat Bimat Bimat 
1.6 1.4 2.2 
3.2 1 3.2 
5.4 0.8 4.2 
6.4 0.8 5.4 
6.5 1.4 6.5 
6.5 1.4 7 
6.9 1.1 7.7 
8.7 1.5 9 
8.5 1.8 9.8 
10 2 10.8 
11.1 2.2 11.6 
-30 Degrees 0 
Degrees 
KI KII KI 
Bimat Bimat Bimat 
6 
4.1 1.3 6.9 
5.4 1.8 8.2 
5.3 1.5 8.8 
6.5 2.5 10.5 
7.3 2.2 11.6 
7.9 2.9 12.3 
8.1 2.7 12.6 
10.9 3 14.6 
11.4 3.1 16.4 
11.2 2.4 16.9 
A-255 
30 60 90 
Degrees Degrees Degrees 
KII KI KII KI KII KI KII 
Bimat Bimat Bimat Bimat Bimat Bimat Bimat 
-0.5 4.6 -1.1 6.5 -1.4 9.7 -1.4 
-0.3 5.2 -0.9 8.3 -1.6 10.4 -1.3 
-0.1 6.7 -1.2 8.7 -1.7 10.3 -1.8 
0 7.4 -1.2 9.8 -1.8 11.3 -2 
-0.1 8.7 -1.4 14 -2.7 11.8 -1.5 
-0.2 9.8 -1.2 12.7 -2.7 13.7 -1.8 
0.1 11.3 -1.3 13.4 -2.8 15 -2.5 
0.7 11.5 -1.4 14.2 -3 15.9 -2.3 
1.4 13.4 -1.7 15.1 -3.5 16.5 -2.5 
1 14.3 -2 19 -3.7 16.1 -3.1 
1.3 15.1 -1.9 17.7 -3.2 17.7 -2 
30 60 90 
Degrees Degrees Degrees 
KII KI KII KI KII KI KII 
Bimat Bimat Bimat Bimat Bimat Bimat Bimat 
0.6 5.8 -\.2 6 -1.6 4.7 -1.2 
0.8 7 -1.7 7 -1.8 4.9 -1.5 
0.7 8.5 -2.1 7.8 -1.9 5.5 -1.6 
1.1 9.8 -2.3 8.6 -2.6 6.7 -1.9 
1.4 11.2 -2.9 10.3 -3 7.5 -2.2 
1.3 11.8 -2.8 11.7 -2.9 8.8 -2.3 
1.4 13 -2.7 12.2 -3.2 10.1 -2.6 
1.1 15 -3.6 13 -3.4 11.1 -2.7 
1.4 16.3 -3.6 14.2 -3.8 13.1 -2.3 
1.4 17.2 -3.9 15.1 -3.5 14.3 -2.5 
1.5 18.6 -3.9 16.3 -4.6 15 -2.5 
a=jumm 
-90 Degrees -60 Degrees 
Load KI KII Kl KlI 
(kg) Bimat Bimat Bimat Bimat 
20 0.8 3.7 2.1 3.4 
24 0.9 4.6 2.7 4 
28 0.9 5.4 2.3 4.3 
32 0.9 6.1 3 4.8 
36 0.9 6.9 3.4 5.6 
40 1.3 7.6 4 6.4 
44 1.3 8.5 3.6 5.6 
48 1.4 9.5 4.9 7.2 
52 1.2 9.9 5 8 
56 1.2 10.4 5.8 8.3 
60 1.4 11.6 6 8.6 
Bimaterial Compact Tension SIF Results 
a=35mm 
-90 Degrees -60 Degrees 
Load KI KII KI KII 
_(k~) Bimat Bimat Bimat Bimat 
20 0.4 5.8 1.3 3.4 
24 0.2 6.4 2.1 3.8 
28 0.4 8.2 2.3 4.2 
32 I 9 2.7 5.1 
36 0.9 9.8 2.8 5.3 
40 0.3 10.1 3.5 6.4 
44 -0.5 11.3 3.6 6.9 
48 -0.8 12 5.2 8.2 
52 0.7 12.3 5.5 8.9 
56 -0.9 14 5.6 9.3 
60 -0.4 14.8 5.9 9.8 
-30 Degrees 
KI KlI 
Bimat Bimat 
5.4 1.6 
5.9 2.6 
7.5 2.7 
8.9 3.5 
8 3.2 
8.3 3.1 
11.6 4.1 
13.5 4.8 
13.7 5.4 
14 6.2 
15.4 6.8 
-30 Degrees 
KI KII 
Bimat Bimat 
6.2 2.5 
7 3.1 
8.8 2.8 
10.5 2.5 
9.9 4.2 
12.1 3.7 
14.2 4 
14.6 4.7 
15.5 4.8 
9.5 11.2 
0 30 60 90 
Degrees Degrees Degrees Degrees 
Kl KII KI KII KI KII KI KlI 
Bimat Bimat Bimat Bimat Bimat Bimat Bimat Bimat 
5.7 -1.2 7.8 -2.5 8.6 -2.3 -0.06 -4.5 
7.2 -1.3 8.6 -2.4 12 -2.5 0.8 -5.6 
8.8 -0.9 10.3 -1.9 10.6 -3.3 0.1 -5.8 
10.4 -0.5 12.1 -1.4 12.1 -2.8 1.3 -7.1 
11.5 -0.6 13 -2.3 13.3 -3.6 0.5 -7.6 
15.6 -0.7 14.3 -4.4 16.5 -4.9 2.4 -8.4 
16.4 -0.7 18.5 -4.7 17.7 -5.8 2 -9.1 
18.5 -0.3 19.2 -3.2 20.1 -6.1 2.7 -10 
19.5 1.6 21.1 -4 20.7 -5.7 2.9 -10.7 
20.7 1.5 22.9 -3.4 22.6 -5.9 2.8 -11.7 
22.9 2.1 26.7 -5.8 24.5 -5.8 3.1 -9.7 
0 30 60 90 
Degrees Degrees Degrees Degrees 
Kl KlI KI KII KI KII KI KII 
Bimat Bimat Bimat Bimat Bimat Bimat Bimat Bimat 
5.6 -1.4 6.4 -2.3 4.9 -2.3 1.7 -4.3 
7.3 -1.7 8.4 -2.4 3.5 -5.3 1.9 -5.3 
9.3 -1.8 9.8 -2.8 7.7 -4.7 1.3 -6.3 
11.6 -I 12.6 -2.1 11.4 -3.2 1.6 -7.5 
12.8 -0.8 14.3 -2.7 13.5 -3.3 2.7 -8.2 
13.4 -0.3 13.9 -2.3 16.4 -3.3 2.5 -9.1 
18.9 1.5 18.9 -4 15.4 -5.1 1.5 -9.8 
20.5 2.9 18.7 -3.8 16.9 -6.5 2.2 -11.1 
20.4 3.6 20.3 -4.9 20.9 -7.1 2.6 -12 
19.1 3 22.4 -4.6 20.6 -7.2 2.5 -12.9 
24.4 -5.5 22.3 -7.7 2.6 -21.4 
A-256 
a=40mm 
-90 Degrees -60 Degrees 
Load Kl KlI Kl 
'kg) Bimat Bimat Bimat 
20 0.2 5.6 1.2 
24 -0.2 7.1 1.3 
28 0.3 7.6 0.9 
32 -0.2 9.2 3 
36 0.4 10.1 3.9 
40 -0.2 11.1 3.1 
44 -0.6 12 3.8 
48 -0.1 13.1 5 
52 0.3 14.4 5.3 
56 0.9 15.3 2.7 
60 -0.5 16.4 
Bimateria1 Three-Point-Bend SIF 
Results 
10mm 15mm 
Load Kl KlI Kl 
(kg) Bimat Bimat Bimat 
I 
2 2.02 
3 2.6 0 3.4 
4 3.5 0 4.1 
5 4.2 0.2 5.5 
6 5.1 0.04 6.8 
7 6 0.2 8.1 
8 6.6 0 9.6 
9 7.1 0 10.8 
10 8.3 -0.41 11.9 
KII 
Bimat 
4.5 
5.4 
5.3 
6.2 
7.3 
7.5 
8.7 
9.9 
9.9 
11.9 
KlI 
Bimat 
-0.1 
-0.2 
0 
-0.2 
0.1 
0.1 
0.4 
0.4 
0.0 
-30 Degrees 
Kl KlI 
Bimat Bimat 
11.1 1.7 
12.7 2.2 
18.2 2.7 
17 2.6 
19.6 4.1 
21.2 2.8 
24.1 2.9 
24.3 4.9 
26.8 6.7 
28.4 7.1 
28.9 10.2 
20mm 
Kl KlI 
Bimat Bimat 
I -0.5 
2.7 -0.3 
4 -0.4 
5.2 -0.3 
6.7 -0.13 
7.8 0.4 
9.5 0.8 
10.7 0.9 
12.7 0.8 
0 30 60 90 
Degrees Degrees Degrees Degrees 
Kl KlI Kl KlI KI KlI Kl KII 
Bimat Bimat Bimat Bimat Bimat Bimat Bimat Bimat 
8.1 -1.9 11.5 -3.7 9.5 -5.4 1.6 -8.1 
10.5 -2.4 13.8 -4 11.9 -5.3 2 -9.5 
13.3 -3.1 15.5 -5.1 14.3 -6 2.3 -11 
15 -2.7 17 -6.5 15.5 -7 2.5 -12 
20 -3.3 20 -6.7 18.4 -7.2 1.9 -13.5 
20.2 -3 22.2 -8 20.5 -8.4 2.6 -11.9 
21.9 -3.8 23.6 -6.6 22.2 -8 2.9 -16.3 
23 -3.9 25 -5.9 23.8 -8.6 3.7 -18.1 
30.1 -4.9 29.4 -8.1 25.1 -11.3 3.3 -19.4 
27.4 -3.7 31 -7.9 27.8 -11 3.7 -13.9 
29.3 -3.4 34.3 -8.4 31.3 -10.7 4.6 -15.3 
25mm 
Kl KlI 
Bimat Bimat 
1.5 -0.3 
3.6 -0.1 
5.3 -0.3 
7.3 -0.2 
9.3 -0.4 
11.1 0.2 
12.8 0.2 
15 0.7 
16.6 1.2 
18.7 1 
A-257 
a=-ZOmm 
-90 Degrees -60 Degrees 
Load KIHom KIIHom KIHom KIIHom 
'kg) 
20 0.1 3.8 4.4 2.4 
24 0.1 4.4 5.3 2.8 
28 0.1 5.0 6.2 3.2 
32 0.1 5.6 7.1 3.5 
36 0.2 6.2 8.0 3.9 
40 0.2 6.7 8.9 4.3 
44 0.2 7.3 9.8 4.7 
48 0.2 7.9 10.7 5.1 
52 0.2 8.5 11.5 5.4 
56 0.3 9.1 12.4 5.8 
60 0.3 9.6 13.3 6.2 
Homogeneous Compact Tension SIF Results 
a=25mm 
-90 Degrees -60 Degrees 
Load KIHorn KIIHorn KIHorn KIIHom 
'kg) 
20 1.5 4.0 5.5 2.9 
24 1.4 4.9 6.6 3.3 
28 1.3 5.7 7.7 3.7 
32 1.2 6.5 8.8 4.1 
36 l.l 7.3 9.9 4.5 
40 l.l 8.1 11.0 4.9 
44 1.0 9.0 12.1 5.4 
48 0.9 9.8 13.2 5.8 
52 0.8 10.6 14.3 6.2 
56 0.7 11.4 15.4 6.6 
60 0.7 12.2 16.5 7.0 
-30 Degrees 0 
Degrees 
KIHom KIIHom KIHom 
5.2 1.5 4.4 
6.3 1.7 5.3 
7.4 1.9 6.2 
8.5 2.1 7.1 
9.6 2.3 8.0 
10.6 2.4 8.9 
11.7 2.6 9.8 
12.8 2.8 10.7 
13.9 3.0 11.6 
15.0 3.2 12.5 
16.1 3.4 13.4 
-30 Degrees 0 
Degrees 
KIHorn KIIHorn KIHom 
6.4 1.8 5.4 
7.5 2.2 6.7 
8.5 2.6 8.1 
9.6 2.9 9.4 
10.7 3.3 10.7 
11.8 3.7 12.0 
12.9 4.1 13.3 
14.0 4.5 14.6 
15.1 4.8 15.9 
16.2 5.2 17.2 
17.3 5.6 18.5 
A-258 
30 60 90 
Degrees Degrees Degrees 
KIIHorn KIHom KII Horn KIHorn KIIHorn KIHorn KII Horn 
0.2 5.2 -1.5 4.4 -2.4 0.1 -3.8 
0.2 6.3 -1.7 5.3 -2.8 0.1 -4.4 
0.2 7.4 -1.9 6.2 -3.2 0.1 -5.0 
0.2 8.5 -2.1 7.1 -3.5 0.1 -5.6 
0.2 9.6 -2.3 8.0 -3.9 0.2 -6.2 
0.3 10.6 -2.4 8.9 -4.3 0.2 -6.7 
0.3 11.7 -2.6 9.8 -4.7 0.2 -7.3 
0.3 12.8 -2.8 10.7 -5.1 0.2 -7.9 
0.3 13.9 -3.0 11.5 -5.4 0.2 -8.5 
0.3 15.0 -3.2 12.4 -5.8 0.3 -9.1 
0.3 16.1 -3.4 13.3 -6.2 0.3 -9.6 
30 60 90 
Degrees Degrees Degrees 
KIIHorn KIHorn KIIHorn KIHorn KIIHorn KIHorn KII Horn 
0.2 6.4 -1.8 5.5 -2.9 1.5 -4.0 
0.2 7.5 -2.2 6.6 -3.3 1.4 -4.9 
0.3 8.5 -2.6 7.7 -3.7 1.3 -5.7 
0.4 9.6 -2.9 8.8 -4.1 1.2 -6.5 
0.5 10.7 -3.3 9.9 -4.5 l.l -7.3 
0.5 11.8 -3.7 11.0 -4.9 1.1 -8.1 
0.6 12.9 -4.1 12.1 -5.4 1.0 -9.0 
0.7 14.0 -4.5 13.2 -5.8 0.9 -9.8 
0.8 15.1 -4.8 14.3 -6.2 0.8 -10.6 
0.8 16.2 -5.2 15.4 -6.6 0.7 -11.4 
0.9 17.3 -5.6 16.5 -7.0 0.7 -12.2 
--na=>130rr.m~m=------------ --
-90 Degrees -60 Degrees 
Load KIHom KIIHom KIHom KIIHom 
(ke) 
20 1.6 4.7 6.5 3.6 
24 1.7 5.6 7.8 4.2 
28 1.7 6.6 9.1 4.8 
32 1.7 7.5 10.4 5.4 
36 1.7 8.5 11.7 6.0 
40 1.7 9.4 12.9 6.6 
44 1.8 10.3 14.2 7.2 
48 1.8 11.3 15.5 7.8 
52 1.8 12.2 16.S 8.3 
56 1.8 13.2 18.1 8.9 
60 1.8 14.1 19.4 9.5 
Homogeneous Compact Tension SIF Results 
a=35mm 
-90 Degrees -60 Degrees 
Load KI Horn KII Horn KI Horn KII Horn 
(ke) 
20 0.9 6.1 5.6 5.3 
24 0.7 7.2 7.0 6.0 
28 0.5 8.4 8.5 6.6 
32 0.4 9.6 9.9 7.3 
36 0.2 10.8 11.4 7.9 
40 0.0 12.0 12.8 8.6 
44 -0.2 13.1 14.2 9.2 
48 -0.4 14.3 15.7 9.9 
52 -0.5 15.5 17.1 10.5 
56 -0.7 16.7 18.6 11.2 
60 -0.9 17.9 20.0 11.8 
-30 Degrees 
KIHom KIIHom 
6.8 2.5 
8.2 2.8 
9.7 3.2 
11.1 3.5 
12.5 3.9 
13.9 4.3 
15.3 4.6 
16.7 5.0 
18.1 5.3 
19.5 5.7 
20.9 6.1 
-30 Degrees 
KI Horn KII Horn 
8.0 2.9 
9.6 3.3 
11.2 3.8 
12.9 4.2 
14.5 4.7 
16.1 5.1 
17.7 5.5 
19.4 6.0 
21.0 6.4 
22.6 6.9 
0 30 60 90 
Degrees Degrees Degrees Degrees 
KIHorn KII Horn KIHom KII Horn KIHom KII Horn KIHorn KII Horn 
6.8 -0.6 6.8 -2.5 6.5 -3.6 1.6 -4.7 
8.1 -0.5 8.2 -2.8 7.8 -4.2 1.7 -5.6 
9.5 -0.4 9.7 -3.2 9.1 -4.8 1.7 -6.6 
10.9 -0.3 11.1 -3.5 10.4 -5.4 1.7 -7.5 
12.2 -0.2 12.5 -3.9 11.7 -6.0 1.7 -S.5 
13.6 -0.1 13.9 -4.3 12.9 -6.6 1.7 -9.4 
15.0 0.0 15.3 -4.6 14.2 -7.2 1.8 -10.3 
16.3 0.1 16.7 -5.0 15.5 -7.8 1.8 -11.3 
17.7 0.2 18.1 -5.3 16.8 -8.3 1.8 -12.2 
19.1 0.3 19.5 -5.7 18.1 -8.9 1.8 -13.2 
20.5 0.3 20.9 -6.1 19.4 -9.5 1.8 -14.1 
0 30 60 90 
Degrees Degrees Degrees Degrees 
KI Horn KII Horn KI Horn KII Horn KI Horn KII Horn KI Horn KII Horn 
9.3 -0.3 8.0 -2.9 5.6 -5.3 0.9 -6.1 
11.2 -0.3 9.6 -3.3 7.0 -6.0 0.7 -7.2 
13.1 -0.2 11.2 -3.8 8.5 -6.6 0.5 -8.4 
15.0 -0.1 12.9 -4.2 9.9 -7.3 0.4 -9.6 
16.9 0.0 14.5 -4.7 11.4 -7.9 0.2 -10.8 
18.8 0.0 16.1 -5.1 12.8 -8.6 0.0 -12.0 
20.7 0.1 17.7 -5.5 14.2 -9.2 -0.2 -13.1 
22.6 0.2 19.4 -6.0 15.7 -9.9 -0.4 -14.3 
24.5 0.3 21.0 -6.4 17.1 -10.5 -0.5 -15.5 
26.4 0.3 22.6 -6.9 18.6 -11.2 -0.7 -16.7 
24.3 -7.3 20.0 -11.8 -0.9 -17.9 
A-259 
a=40rnrn 
-90 Degrees -60 Degrees -30 Degrees 0 30 60 90 
Degrees Degrees Degrees Degrees 
Load KlHorn KlIHorn KlHorn KlIHorn KlHorn KII Horn KIHorn KIIHorn KlHorn KlIHorn KIHorn KII Horn KlHorn KII Horn 
(kg) 
20 1.9 6.9 7.0 7.7 8.5 4.1 10.2 -0.3 8.5 -4.1 7.0 -7.7 1.9 -6.9 
24 1.5 8.1 8.3 8.5 10.5 4.7 12.5 -0.3 10.5 -4.7 8.3 -8.5 1.5 -8.1 
28 1.2 9.2 9.5 9.3 12.6 5.4 14.8 -0.3 12.6 -5.4 9.5 -9.3 1.2 -9.2 
32 0.8 10.4 10.8 10.1 14.6 6.0 17.1 -0.4 14.6 -6.0 10.8 -10.1 0.8 -10.4 
36 0.5 11.5 12.0 10.9 16.6 6.7 19.4 -0.4 16.6 -6.7 12.0 -10.9 0.5 -11.5 
40 0.1 12.7 13.3 11.7 18.6 7.3 21.8 -0.5 18.6 -7.3 13.3 -11.7 0.1 -12.7 
44 -0.2 13.9 14.6 12.5 20.6 7.9 24.1 -0.5 20.6 -7.9 14.6 -12.5 -0.2 -13.9 
48 -0.5 15.0 15.8 13.3 22.6 8.6 26.4 -0.5 22.6 -8.6 15.8 -13.3 -0.5 -15.0 
52 -0.9 16.2 17.1 14.1 24.6 9.2 28.7 -0.6 24.6 -9.2 17.1 -14.1 -0.9 -16.2 
56 -1.2 17.3 18.3 14.9 26.6 9.9 31.0 -0.6 26.6 -9.9 18.3 -14.9 -1.2 -17.3 
60 -1.6 18.5 28.6 10.5 33.4 -0.6 28.6 -10.5 19.6 -15.7 -1.6 -18.5 
A-260 

